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ABSTRACT 

The U.S. Department of Energy (US DOE), under the auspices of the International Nuclear Safety 
Program (INSP) is supporting in-depth safety assessments (ISA) of nuclear power plants in Eastern 
Europe and the former Soviet Union for the purpose of evaluating the safety and upgrades necessary to 
the stock of nuclear power plants in Ukraine. 

For this purpose the Hazards Mitigation Center at Lawrence Livermore National Laboratory (LLNL) has 
been asked to assess the seismic hazard and design parameters at the sites of the nuclear power plants in 
Ukraine. The probabilistic seismic hazard (PSH) estimates were updated using the latest available data 
and knowledge from LLNL, the U.S. Geological Survey, and other relevant recent studies from several 
consulting companies. Special attention was given to account for the local seismicity, the deep focused 
earthquakes of the Vrancea zone, in Romania, the region around Crimea and for the system of potentially 
active faults associated with the Pripyat Dniepro Donnetts rift. Aleatory (random) uncertainty was 
estimated from the available data and the epistemic (knowledge) uncertainty was estimated by 
considering the existing models in the literature and the interpretations of a small group of experts elicited 
during a workshop conducted in Kiev, Ukraine, on February 2-4, 1999. 

A draft report, dated April 30, 1999, was produced and peer-reviewed by DOE and an outside expert on 
PSHA and Eastern Europe seismicity. This final document incorporates the updates generated by the 
review. 
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EXECUTIVE SUMMARY 

The Hazards Mitigation Center at Lawrence Livermore National Laboratory (LLNL) calculated the 
seismic hazard and design parameters at the sites of the nuclear power plants in Ukraine. The probabilistic 
seismic hazard (PSH) estimates were first updated using the latest available data and knowledge from 
LLNL, the U.S. Geological Survey, and other relevant recent studies from several consulting companies. 
Special attention was given to account for the local seismicity, the deep focused earthquakes of the 
Vrancea zone, in Romania, the region around Crimea and for the system of potentially active faults 
associated with the Pripyat Dniepro Donnets rift. Aleatory (random) uncertainty was estimated from the 
available data and the epistemic (knowledge) uncertainty was estimated by considering the existing 
models in the literature and the interpretations of a small group of experts elicited during a workshop 
conducted in Kiev, Ukraine, on February 2-4, 1999. 

The design parameters were calculated following NRC regulations 1.165 and DOE standards (DOE-STD- 
1022 to 1024). It was found that the local and regional predicted seismicity dominate the hazard for the 
low return periods and that the contribution shifts gradually to the dominance of the large events distant 
sources such as the Vrancea or Crimea zones for the large return periods. Based on the comparisons of the 
hazard in terms of Peak Ground Acceleration (PGA) and excluding consideration of seismic capacity of 
the plants and potential consequences, the site of the South Ukraine appears to be subjected to the highest 
seismic threat, Khmelnytskyy comes next, then Rivne and Zaporizhzya and finally Chernobyl. 

When data were insufficient to estimate the uncertainties, results obtained in performing similar studies in 
the eastern United States and abroad were used. The calculations were performed for the PGA at the 
foundation level for rock site conditions for the five sites in Ukraine: Chernobyl, Khmelnytskyy, Rivne, 
South Ukraine and Zaporizhzya. Site specific data were used when available to establish the 5% damped 
design response spectra. For sites without information on the specificity of their soil conditions, the 5% 
damped response spectrum was established according to the NUREG-0098 rules. The NRC rules give a 
conservative response spectral shape that is anchored to the design PGA. For Zaporizhzya and 
Khmelnytskyy, lack of sufficient information lead to using the NUREG-0098 Rock site spectral shape. 
We were able to establish that Rivne and South-Ukraine have soil condition closer to the generic soil of 
the NUREG-0098. Using these assumptions for the site conditions led to a re-ordering of the sites 
exposure when performing the ranking based on the design response spectra. 

The results shown in the figures 1 and 2 , and table 1 (taken from Figures 3.4.2.6,4.2.3 and Table 3.4.2.1 
in the report) are for the mean hazard in terms of annual probability of exceedance of the PGA (Figure 1 
and in Table 1) and for the lOOOO-year return period 5% damped design response spectra (Figure 2) for 
the five sites. 
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Return 
Period 

Distance of the Review Level Earthquake D-bar 
CHERNOE IYL 1 KHMELNYSTST 

(km) 
RIVNE 1 SOUTH UKRAINE 1 ZAPORIZHYA 

100 yr 
I I 

88 223 95 346 gr) 

r 
500 yr 106 270 124 361 I;8 

1000 yr 115 289 138 366 130 
10000 I 100000 yr vr 141 334 166 367 715 180 372 .37fl 7n4 169 

Table 1 Summary of the Review Level earthquake PGA, D-bar and M-bar for the five sites 
in Ukraine and for five return periods 
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Figure 1: Summary of the PSHA PGA results for the Ukraine sites, for rock conditions at 
foundation level in terms of the the arithmetic mean. - 

. . . 
Xl11 



Ukraine NPP sites Response Spectra 
IOOOO-year Return Period 

Chernobyl Far-f&i 
Chernobyl Near-field 

Figure 2: l,OOO-year Return Period,S% Damping Design Response Spectra for the Five 
Ukraine NPP sites. 

xiv 



xv 



ACKNOWLEDGMENTS 

The authors wish to acknowledge the support of numerous experts around the country, in Ukraine and 
other countries who provided interpretations and offered judgments on seismic&y and ground motion 
modeling which were factored into this study. Their contributions have been referenced as personal 
communications. 

We also thank the DOE/Argonne project manager, Dr. Christian Kot for his support and for his help in 
securing the facilities for the workshop in Kiev and for his help in acquiring some data on the sites. 

We thank Mr. Norbert Jousten and the European Commission, in Bruxelles, Belgium, for allowing us to 
use the results of studies performed under their auspices by ISMES for the Crimea and the Chernobyl 
regions. 

And finally we thank Dr. Aybars Gurpinar, of IAEA, and several anonymous DOE and Argonne persons 
for their review of the draft document. Their comments were important in the finalization of the 
seismicity rates of the seismic zones which are reflected in the final results shown in this report. 

xvi 



xvii 



ABBREVIATIONS 

BP before present 

CE Controling earthquake 

CEUS central and eastern United States 

CNA central North America 

DBE design basis earthquake 

DOE U.S. Department of Energy 

DRS dynamic response spectrum 

ENA eastern North America 

HMC Hazard Mitigation Center at LLNL 

IAEA International Atomic Energy Agency 

LLNL Lawrence Liver-more National Laboratory 

NRC Nuclear Regulatory Commission 

PGA peak ground acceleration 

PSH probabilistic seismic hazard 

PSHA probabilistic seismic hazard analysis 

SSHAC Senior Seismic Hazard Analysis Committee 

TFJ Technical Facilitator Integrator 

UHS uniform hazard spectra 

WUS western United States 

. . . 
xv111 



PROBABILISTIC SEISMIC HAZARD CHARACTERIZATION AND 
DESIGN PARAMETERS FOR THE SITES OF THE NUCLEAR POWER 

PLANTS OF UKRAINE 

1.0 INTRODUCTION 

1.1 Background 

The U.S. Department of Energy (US DOE), under the auspices of the International Nuclear Safety 
Program (INSP) is supporting in-depth safety assessments (ISA) of nuclear power plants in Eastern 
Europe and the former Soviet Union. As part of this program, assessment of seismic-related safety of 
operating VVER nuclear power plants (NPP) has been in progress in various countries that have these 
types of reactors. The assessments have been prompted either by regulatory requirements or evidence of 
higher seismic hazard than was used at the time the plants were designed. Unlike in the Eastern European 
countries, which have received much assistance in the area from the European Community, little work 
relative to seismic hazards has been carried out in Ukraine to date. This study pertains to determining the 
seismic hazard in Ukraine and comes under the purview of the ISA of the South Ukraine NPP. It is 
intended that the seismic assessments be carried out in the framework of the overall ISA supported by the 
DOE-INSP. 

The Hazard Mitigation Center (HMC) at Lawrence Livermore National Laboratory (LLNL) has been 
asked by Argonne National Laboratory (ANL) to update the seismic design response parameters for the 
Ukraine power plant sites. 

The purpose of the study is to generate an independent assessement of the seismic hazard. It has to be 
using the latest, most appropriate sets of data available and it has to fulfill the criteria of a state-of-the -art 
Probabilistic Seismic Hazard Analysis (PSHA) defined as standards in the United States and documented 
in the SHHAC, 1997, the Nuclear Regulatory Commission Guide DG 1.165 , 1998 and applied in many 
studies ( see example Savy et al., 1999, DOEKRWMSOC, 1998, Savy and Foxall, 1998). One of the 
important aspect of this methodology is to integrate the full spectrum of knowledge from the scientific 
community and to assess the uncertainty in the hazard estimates due to the lack of total knowledge of the 
seismotectonic process. 

The standard methodology, briefly decribed in chapter 2, is governed by a set of rigourous criteria and 
concepts that define the process of performing the study. It can be applied with various level of efforts. 

1.2 Objectives 

The objective is to follow the recommandations of the SHHAC, the DOE-STD-1023-95 standard, and to 
use site specific information to the extent possible. For this purpose the seismic zonation applies 
specifically to each site but the local site conditions have only been included when data were available. 
The goal of the study is therefore to generate the best probbabilistic estimate of the seismic hazard at the 
sites, using all the available data in the United States and those that can be obtained in the open literature 
and by interacting with Ukrainian and European local experts. This report describes the methodology and 
provides the seismic design parameters in the form of tables and figures for the structural engineers. 

1.3 Scope of the Study 

The overall purpose of this study was to provide recommendations on the seismic design parameters for 
the Ukraine nulear power plant sites to be used in a simplified Probabilistic Risk Analysis (PRA) for 



comparing the relative risk associated with each plant under the seismic threat. For each of the five sites 
the following information was generated: 

l Ground motion estimates for six values of the annual probability of exceedance; 10s2, 2 x lo”, 10 -3, 
5 x 1 OA, 1 OA and 1 Om5, for peak ground acceleration (PGA) and for response spectral values 

l Deagregation of the total hazard results for several return periods. 

l The magnitude and location of the Controlling Earthquakes (CE) and the resulting spectral shape. 

l The final design parameters and their comparison with international practices, including the 
recommendations of the International Atomic Energy Agency (IAEA) and the Russian practices. 

This study makes use of the latest technology in the area of PSIIA, and uses all available information on 
the geology, seismology, tectonics, and geological engineering from previous LLNL and European 
studies for eastern Europe. It relies also on the experience and ground motion data collected for the 
eastern U.S. and other studies, including previous site-specific studies and regional studies such as 
USGS96. 

Given the very low seismic@ of the region of interest, it was felt that a large distant region of enhanced 
seismic activity, could have a dominant effect on the total hazard for any of the Ukraine sites. Based on 
experience in other similar studies, it is well understood that for levels of hazards in the range of a few 
hundred years to a few thousand years, distant seismogenic sources such as the Vrancea zone in could 
contribute orders of magnitudes greater hazard than any of the other potential seismic sources. For that 
reason, we included in the analysis all identifiable seismic sources within 700km of any of the sites. 

This study uses all relevant site-specific information available for the PSHA. Since a great deal of work 
has taken place at Chernobyl, some information is available on the stratigraphy which is assumed to be 
representative of generic sites on the European Craton. Although that information was not sufficient to 
make a detailed site-specific characterizationfor all sites, it allowed us to narrow the selection of spectral 
shapes.. 

1.4 Organization of this Report 

This report includes four sections and a collection of tables and figures. 

Section 1 gives background information and describes the study. 

Section 2 describes the methodology for assessing seismic hazards. 

Section 3 describes the seismic hazard assessment fom the Ukraine nuclear power plant sites. 

Section 4 discusses the application of DOE-STD- 1023-95 and the steps involved in development of the 
design criteria. 

Table and figure caption numbers correspond to the section in which they are discussed. For example, 
Figure 3.4-l is discussed in Section 3.4 of the report. 
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2.0 METHODOLOGY 

2.1 General Approach 

A methodology to assess seismic hazards and uncertainty at Ukraine plant sites must provide technically 
sound results that meet the regulatory requirements, are amenable to regulatory review, and make 
appropriate use of site characterization data. To help meet these goals, the methodology incorporates 
attributes described below: 

1) Experience Based. The methodology takes advantage of the experience gained from recent 
assessments of seismic hazards. Over the past decade, probabilistic methods have evolved into the 
generally preferred state-of-the-art for assessing vibratory ground motion at critical facilities. By 
incorporating recurrence information and input variability, these methods provide a more complete 
evaluation of hazard for risk-based design, long-term performance assessment, and regulatory review 
than do deterministic methods. Recent applications of probabilistic methodologies, associated lessons 
learned, and ongoing evaluations and integration of seismic hazard methodologies (e.g., the Senior 
Seismic Hazard Analysis Committee (SSHAC) study, jointly sponsored by the DOE, the NRC, and 
EPRI) provide the basis for the methodology described in this report. 

2) Data-Driven. Development of inputs to the seismic hazard methodology and the associated input 
variability is based on site-specific data. The methodology is capable of incorporating all relevant 
available site-specific data, including information on earthquake recurrence. The methodology also 
allows seismic hazard assessments to be easily updated, as new data become available. 

3) Proper Uncertainty Treatment. The methodology provides an unbiased assessment of seismic 
hazards by incorporating and properly treating various types of input variability. These types of 
variability include uncertainty in data interpretations and randomness in the earthquake process. In 
comparison with typical deterministic methods, treating uncertainty in a probabilistic framework 
results in a more complete characterization of seismic hazards. The uncertainty is directly 
incorporated into the calculation of hazard, rather than qualitatively contributing to selection of a 
deterministic value. This facilitates regulatory decision-making and risk-based design. The 
methodology accommodates alternative relationships describing physical processes (e.g., earthquake 
occurrence); alternative values of parameters associated with those relationships (e.g., amount of fault 
dip, slip rates, and maximum magnitudes); and alternative interpretations based on site 
characterization data. 

4) Flexible. The methodology accommodates a range of credible scientific interpretations, approaches, 
and data. Further, the methodology allows rational consideration of unlikely or highly uncertain 

, 

scenarios. For example, the methodology accommodates the notion of seismic sources occurring in 
regions where faults are presently unmapped or unknown. This flexibility results from the 
probabilistic framework in which alternative input interpretations are explicitly incorporated. 

5) Facilitate Sensitivity Analysis. The methodology is structured such that sensitivity analyses are 
facilitated. Such analyses identify important contributors to the hazard result and the relative 
importance of various data and interpretations. Similarly, they are used to highlight relationships or 
parameters for which differences in interpretation or data do not strongly influence the hazard at the 
site. Hence, the methodology aids in setting priorities for additional data collection and analysis 
efforts, so that the most important technical issues are addressed and reductions in uncertainty have 
the greatest impact. 

To fulfill the above requirements, the present state-of-the-art approach (as described in the SSHAC report 
IJWREGKR-63721) uses the concept of the Technical Facilitator Integrator to rationally integrate the 
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information from a group of experts. For limited-effort studies such as the one presented in this report, the 
requirements are fulfilled in a simplified approach. The trade-off between a full-fledged analysis of the 
type described in SSHAC and the one used here is not in the quality or credibility of the results, but rather 
in the total amount of uncertainty in the estimated hazard. 

In this study, the LLNL analysis team’s main challenge was to gain sufficient knowledge of existing 
interpretations of the data by the scientific community-and to use its experience from previous studies- 
to realistically represent the uncertainty that exists in the scientific community. 

The LLNL team first collected all the information available from the LLNL and open literature and data 
banks, the geology and tectonics of the region, and on existing hazard models (see Section 3). This 
information was used to formulate a set of seismic source maps and seismic source recurrences. Since for 
most sites a site-specific response spectrum shape is not available, a median standardized spectral shape 
may be used as long as the shape is consistent with or conservative for the site conditions. A procedure 
similar to that for obtaining the spectra shapes defined in NUREG/CR-0098 for standardized spectra was 
applied to the Ukrainian plant sites, in accordance with the country regulatory requirements which permit 
such an approach. Where local geology is available, such as for the South Ukraine site albeit in 
insufficient quantity, it was used. In the absence of such country-specific spectra, those given in 
NUREG/CR-0098 are used. 

2.2 Procedural Approach 

2.2.1 The basic five steps of the procedure 

The main thrust of this study is in the characterization of all the uncertainties in the process, the data and 
the physical models. 

To achieve this, we use multiple experts to identify “all” the possible viable alternatives of the seismic 
zonation and ground motion models, and we develop a “composite picture”. 

The procedure includes five steps that are summarized as follows: 

l First, we collect all the relevant geophysical, tectonics, geology and geotechnical information 
available. This includes reports on previous studies, technical papers in scientific journals and 
standard information from public and government databases. 

l The second step consist for the analysis team (Lawrence Liver-more National Laboratory) in 
formulating as many preliminary seismic zonation models as the data warrant. 

l The third step consists in a working meeting in Kiev. 

l The fourth step consists in finalizing the hazard models and performs the calculations. 

l The fifth step of this procedure consists in having a peer review of the study. 

Finally we evaluate the relative hazard at the sites of the nuclear power plants in Ukraine. 
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2.2.2 Purpose of the workshop in Kiev 

The purpose of the working meeting in Kiev was to interact with Ukraine scientists and engineers with 
knowledge of the regional seismicity and tectonics and the goal was to develop interactively a set of 
seismic zonations for the hazard calculation model. To achieve these goals, the workshop, the of which 
the agenda is given in Apendix 1, was organized along the following items of presentation and discussion: 

1. Introduce and discuss the PSHA methodology use for this study. 

2. Review and evaluate the existing data colected by the LLNL team. 

3. Discuss the existence and the validity of other relevant data 

available to the participants. 

4. Ask the invited scientists/engineers to present their interpretations 

of the data in the form of possible alternate seismic zonation models 

for the PSHA. 

5. The LLNL team presents its preliminary models of seismic zonation as 

a starting point for the interactive updating of those models. 

6. Discussion, evaluation of the alternate seismic zonation models. 

7. Construction of a “logic tree” summarizing all the alternatives 

and interactively develop a set of weights for each branch of the 

logic tree. 

8. Discuss the seismicity rates and the upper magnitude cutoffs in the 

different seismic sources considered for the seismic zonation maps. 

Discuss methods to derive the seismicity rates. 

9. Perform a similar but simpler approach for the determination 

of the ground motion attenuation equations to be used in the 

PSHA. 

2.2.3 Role of the experts at the workshop 

Because an extensive review of the existing data was the first task performed prior to the workshop, it 
was not expected that new outlier interpretations unknown to the LLNL team would be unearthed at the 
workshop. However, it is very important to confirm it and it is also very important, as given in the 
SHHAC reommendations (SHHAC, 1997), to check with the local experts that no important scientific 
fact has been misinterpreped or overlooked. 
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The role of the experts at the workshop was therefore fourfold: (a) to identify new data, (b) provide an 
evaluation of the data available, (c) play the role of proponents in providing their views on the 
interpretation of the data and (d) provide feedback to the LLNL team in the evaluation of the various 
interpretations and models. 

The participants were thouroughly briefed on the purpose of the workshop and were asked to prepare 
themselves for the workshop with the following requests: 

They were asked to bring all relevant data that could be examined by 
the entire panel in order to develop alternate seismic zonation models or ground motion attenuation 
models. This included physical data, exiting models or personal interpretations. 

They were asked to participate actively in the discussions and provide personal technical opinions. They 
were told that different experts have sometimes very different opinions, including some not espoused by 
the community at large. However nonstandard these opinions are, they were told that they were welcome 
for discussion. This is an important part of identifying the knowledge uncertainty. 

They were asked to be ready to respond to the questions in the elicitation of alternate models and/or the 
weights on existing models (for seismic sources and/or ground motion models). An expert may be 
specialized in the identification of seismic sources only, or ground motion attenuation only, or both. 

The participants were also asked to be ready to discuss seismic@ rates in the different regions of 
Ukraine, or at least to discuss methods to obtain them. 

2.2.4 Products of the workshop in Kiev 

One of the initial goals of the workshop was to generate a final set of models for use in the PSHA. That 
meant to agree on the following set of items: 

1. A set of seismic source alternatives for the performance of a 

PSHA in Ukraine, 

2. A set of weights on the alternatives, 

Whatever additional data to be used by LLNL to update the source 

models if necessary, 

The necessary data on the seismicity rates and/or a consensus on the 
method to obtain them. 

6. A set of viable ground motion models or ground motion estimates. 

These general goals for the results of the workshop were reached. It was not possible however to collect 
or even identify sufficient site specific geotechnical or geological information for performing reliable soil 
dynamics analyses in order to determine the shape of the site specific response spectra. 
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2.3 Seismic Hazard Characterization Model 

2.3.1 Systematic Process 

Five steps are involved in deriving the distribution of seismic hazard. 

Step I: Evaluation of Seismic Sources. 

Determine the spatial distribution of seismic sources. In the region around the site, identify faults 
and volumetric zones that will be the sources of future seismic activity. Characterize the 
uncertainty in the spatial description of each source. 

Step 2: Evaluation of Earthquake Recurrence and Maximum Magnitude. 

For each seismic source, describe the rate of occurrence and relative size (e.g., magnitude, 
moment) distribution of future seismic@. In addition, evaluate the maximum magnitude for each 
source. Characterize the uncertainty in recurrence relations and in maximum magnitude. 

Step 3: Ground Motion Attenuation. 

For the site region, evaluate or determine relations that express how the amplitude of ground 
motion parameters varies with earthquake magnitude and source-to-site distance. Characterize the 
uncertainty in these ground motion/attenuation relations. 

Step 4: Mathematical Model to Calculate Seismic Hazard. 

Integrate over each combination of inputs determined in steps 1 through 3 to calculate a seismic 
hazard and plot a curve expressing the annual probability that a given value of ground motion will 
be exceeded. Carry out the integration for all combinations of inputs to incorporate the variability 
of input evaluation. 

Step 5: Presentation of the Hazard Results, 

Express the results of step 4 as a distribution of seismic hazard curves that can be represented by 
a mean curve and curves representing particular percentiles of the distribution. 

Each of these steps is discussed below and shown schematically in Figure 2.3-1, 

2.3.2 Evaluation of Seismic Sources 

A seismic source represents a portion of the earth’s crust with a potential to generate future earthquakes. 
Within a seismic source, the probability of earthquake occurrence and the size of the maximum 
magnitude are generally considered to be invariant. Seismic sources include faults with a potential to 
affect the nuclear plant sites. Seismic sources also depict volumetric zones in which future earthquakes 
may occur, but for which specific faults are not identified. 

In identifying and characterizing seismic sources, the scale of features to be considered and the level of 
investigation varies with distance from the site. Because ground motion attenuates with distance as the 
distance to the site increases, earthquake size must increase to produce significant ground motion at the 
site. The size of earthquake that a feature can generate is related to its physical dimensions. Thus, as one 
gets farther from the site, larger faults are required for a significant ground motion potential to exist at the 
site. 

Each seismic source is evaluated to provide its: 
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0 spatial description, including variability in that description (two-dimensional zone of diffused 
seismic&y or three-dimensional faults) 

l probability of activity 

l dependency on other seismic sources. 

Alternate interpretations of the spatial description of a seismic source permitted by the available data are 
weighted according to their ability to explain the data. The spatial description of a seismic source includes 
an evaluation of the depth of earthquakes associated with the source. 

For each source, a probability of activity is assessed, which expresses the probability that the source is 
seismogenic and is based on the evidence of its activity during the Quaternary period. Such assessments 
are based on available data, and take into account alternative tectonic interpretations, including the 
orientation of the stress field. Dependencies among seismic sources are also evaluated. For example, a 
seismic source interpretation based on a particular tectonic model may be inconsistent with a seismic 
source interpretation based on another tectonic model. Such sources would have a mutually exclusive 
dependency. 

2.3.3 Evaluation of Earthquake Recurrence and Maximum Magnitude 

An earthquake recurrence relationship, a maximum magnitude, and the variability in these parameters 
characterize each seismic source. For recurrence, the relationship expresses the expected number of 
earthquakes per year of magnitudes greater than some minimum magnitude, m,. This distribution is 
developed from observed seismicity and geologic data. Since the level of seismicity in the region is low 
and the historical record is short, compared with the large return periods considered, geologic data such as 
paleoseismic recurrence intervals and slip rates are expected to provide the primary basis for recurrence 
characterization of the fault sources. For volumetric source zones, the historical and instrumental 
seismicity records form the primary data for characterization of recurrence. Additional calculations and 
experience are used to provide uncertainty on these estimates. Alternative interpretations consistent with 
the data were evaluated to describe the uncertainty in recurrence relations. 

A maximum magnitude is assessed for each seismic source. Variability is assessed on the basis of 
consistency shown by the different regression calculations, the relative quality of the different data types, 
and alternative interpretations of the data. 

2.3.4 Ground Motion Attenuation 

A ground motion attenuation function is a probability density function whose parameters are functions of 
the earthquakes and site characteristics. The standard version is a function of the magnitude of the 
earthquake and its distance from the site of interest. The probability of exceeding a certain value of the 
ground motion caused by an earthquake of magnitude M and located at a distance R from the site is 
calculated by means of the ground motion attenuation function. 

2.3.5 Mathematical Model to Calculate Seismic Hazard 

As developed by Cornell (1968), the probabilistic hazard methodology aims to calculate the annual 
probabilities that various levels of ground motion (e.g., peak horizontal ground acceleration) will be 
exceeded at a site. Procedures to accomplish this assessment are described by Cornell and form the basis 
for recent state-of-the-practice methodologies applied to nuclear power plants and to DOE facilities. 

The probabilistic hazard curve represents the integration, over all earthquake sources and magnitudes, of 
the probability of future earthquake occurrence and, given an earthquake occurrence, its effect at a site of 
interest. In general, the temporal occurrence of earthquakes can be represented as a Poisson process and - 
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its distribution in magnitude can be represented by an exponential distribution. Thus, the probability that, 
at a given site, a ground motion parameter, Z, will exceed a specified value, z, during a specified time 
period, T, is given by the expression: 

P(Z > z)= l.O-e-“(z)r IV(Z).T (1) 

Where v(z) is the average frequency during time period T when the level of ground motion parameter Z 
exceeds z at the site resulting from earthquakes from all sources in the region. The inequality at the right 
of Equation 1 is valid regardless of the appropriate probabilistic relationship for earthquake occurrence, 
and v(z) l T provides an accurate estimate of the hazard for probabilities of 0.1 or less provided v(z) is the 
appropriate value for the time period of interest. 

The frequency of exceedance, v(z), incorporates the variability (randomness and uncertainty) in the time, 
size, and location of future earthquakes and variability in the level of ground motions they produce at the 
site. It is computed by the expression: 

v(z)=~a,(m")"j 7 f,(m) f"(rlm) P(Z > .zlm,r)dr dm 
?I=1 m=m"r=O 

(2) 

where 

a (ma) is the frequency of earthquakes on seismic source n above a minimum magnitude of 
eigineering significance, m"; 

mu is the maximum magnitude possible in source n. In the rest of this document it is also called M,,,. 

f,(m) is the probability density function of event size on source n between m” and a maximum 
earthquake size for the source, M,,, ; 

f, (r / m) is the probability density function for distance to earthquake rupture on source n, which 
may be conditional on the earthquake size; and 

P(Z>zlm,r) is the probability that, given a magnitude m earthquake at a distance r from the site, the 
ground motion exceeds a value z. 

In practice, the double integral in Equation 2 is replaced by a double summation with the density function 
f,(m) and fn (r 1 m) replaced b y d iscrete representations of their corresponding cumulative functions. 
As shown in Figure 2.2-l (Step 4), the result is a hazard curve expressing the annual probability that 
various levels of the ground motion parameter will be exceeded. 

2.3.6 Presentation of the Hazard Results 

The basic calculation described above results in a seismic hazard estimate for a single characterization of 
seismic sources, associated recurrence and maximum magnitude evaluations, and a single ground 
motion/attenuation relation. Thus, the result of this calculation is a single hazard curve (Figure 2.3.1 
Step 4) that represents the randomness inherent in the natural phenomena of earthquake generation and 
seismic wave propagation. There is also uncertainty in the characterizations of seismic sources and 
ground motion/attenuation. This uncertainty arises from incomplete knowledge of earthquake processes, 
limited data, and permissible alternative interpretations of the available data. The methodology explicitly 
incorporates these uncertainties into the analyses to quantify the uncertainty in the final hazard results. 

The Monte Carlo approach to uncertainty propagation, used in this study, makes use of multiple 
subjective probability distributions for the various parameters of the hazard-input evaluations. The - 
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computation samples from these distributions, using Monte Carlo simulation techniques, are used to 
derive mean and percentile hazard curves. When using this approach, uncertainty in seismic source 
zonation is represented by weighted alternative maps; uncertainty in recurrence is characterized by 
subjective probability distributions on the recurrence parameters; and uncertainty in ground motion 
evaluations is characterized by a set of alternative ground motion relationships and their associated 
weights. 
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3.0 ASSESSMENT OF THE SEISMIC HAZARD AT THE SITES OF THE 
UKRAINE NUCLEAR POWER PLANTS 

3.lIntroduction 

The seismic hazard assessment at the sites of the NPPs in Ukraine followed the methodology described in 
Chapter 2. The first element of the study was to review the body of work published in scientific journals 
and other engineering publications on the subject of the seismic@ of the region of interest which included 
at least all areas within 800 km to 1000 km from any of the NPP sites. 
The next step was to formulate some preliminary seismic source zonation models from our understanding 
of the tectonics of the region and then, to conduct a workshop in Kiev, on February 2-5, I999 (also 
described in Chapter 2), to discuss the alternative models with local geologists and seismologists. 
The workshop was aimed at evaluating all the possible alternative models put forth by the LLNL team 
and by the participants. The “strawman” set of models presented at the workshop was updated to take into 
account the new information obtained during the workshop. Instead of a complete detailed summary of 
the workshop the following sections of this report give the final products and present the elements, which 
were discussed at the workshop . A general agenda of the workshop is given in Appendix 1. 

3.2 Available Information 

The information used for this study consisted of the published literature available in the USA and some in 
the Russian and Ukrainian scientific journals. The scientific articles consulted and evaluated are listed in 
the Appendix 2. 

We also obtained copies of recent studies, one for the Chernobyl site and commissioned by the 
European Community (Tacis, 1997) and another for the design of a nuclear power plant in 
Crimea (ISMES, 1991). 

3.3 Description of the Hazard Model 

3.3.1 Earthquake Source Characterization 

3.3.1.1 General Tectonic setting and development of the seismic sources models 

Fig. 3.3.1.1 is a schematic tectonic map of the Ukraine region. Fig. 3.3.1.2 shows the seismicity of the 
region (see Section 3.3.1.2) and the numbered earthquake source zones used in the PSHA. The source 
zones are named in Table 3.3.1.1, which also lists the shortest distance from each zone to the nearest NPP 
site, the largest historical earthquake recorded in the zone, and the best estimate, lower bound and upper 
bound maximum magnitudes estimated for the PSHA. The source zones correspond in general to the 
major tectonic structural features shown in Fig. 3.3.1.1, and can be divided into two classes; more or less 
tectonically active zones along the northern Black Sea-Crimea - Caucasus belt and the Carpathian 
mountains, and zones within the interior of the East European Craton (EEC), which is a “stable 
continental region” (SCR) as defined by Johnston et al. (1994). Definition of zone boundaries within the 
Carpathians, the western part of the EEC, and in the Black Sea-Crimea-Caucasus region is based largely 
upon the distribution of historical seismicity. Definition of the Vrancea zone (Zone 4) is also based upon - 
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numerous published seismo-tectonic and structural analyses. Evaluation of the viability of the Pripyat- 
Dniepro-Donnets Rift as a source of significant earthquakes distinct from the rest of the EEC is based 
upon available interpretations of geological and geophysical data and comparison with analogous 
structures worldwide. 

Preliminary (“strawman”) versions of Figure 3.3.1.2 and Table 3.3. I. 1 formed the basis for the expert 
elicitation and discussion of alternative interpretations at the Kiev workshop on Feb. 3 and 4, 1999. The 
geometry of source zones within in the Black Sea-Crimea-Caucasus region are based on the detailed 
zonation carried out for the Crimea NPP (ISMES, 1990). The Carpathian zone (Zone 1) is based on the 
zonation for the Chernobyl NPP (Tacis, 1997), with additions and modifications based on our initial 
review of the available data. There was general consensus at the workshop that the preliminary zonation 
adequately represents the potential seismic sources within the region, so that the final zone geometry 
shown in Fig. 3.3.1.2 are essentially unchanged from the preliminary map. Not all of the workshop 
participants agreed, however, that all of the zones are needed to capture all potential sources, based on 
the available data. 

The EEC background zone is the host zone for all of the NPP sites. All of the sites are located more than 
200 km from all but one (Carpathian) of the active tectonic source zones, which, with the exception of 
Vrancea and Yalta, have maximum observed historical earthquakes less than M6.5. Therefore, with the 
exception of the Carpathians, Vrancea and possibly Yalta, substantial changes to these zones do not have 
a significant effect on the hazard at any of the Ukraine NPP sites. Consequently, the main focus of the 
workshop was directed towards characterizing the Carpathian, Vrancea and EEC zones, as described 
below. Characterization of the remaining zones is described only briefly. 

3.3.1.2 Earthquake catalog 

The earthquake epicenters plotted on Fig. 3.3.1.2 include all the events having magnitudes of 3 or greater 
in the earthquake catalog for the Commonwealth of Independent States (CIS) (former Soviet Union) 
distributed by the Earthquake Information Service (NEIC) of the U.S. Geological Survey (USGS) (J. 
Dewey, personal communication) for the period 1129-1989 plus five events listed in the NOAA National 
Geophysical Data Center (NGDC)iNEIC CIS catalog (NGDC/NEIS, 1996) for the period 150 BC-1107. 
The NEIC and NGDC/NEIS catalogs contain both pre-instrumental and instrumentally recorded 
earthquakes for the years 1122-1989 and 150 BC-1978, respectively. Both catalogs are based on the 
original data compilation by Kondorskaya and Shebalin (1982), and are supplemented by data from 
USSR station reports and published literature for 1978 onwards (a bibliography of data sources is given in 
NGDC/NEIS, 1996). Fig. 3.1.1.3 shows instrumental locations for all earthquakes within the Ukraine 
region in the International Seismological Centre (ISC) catalog for 1964- 1993, including events without 
assigned magnitudes (crosses). (The magnitude scale on Fig. 3.1.1.3 corresponds to mb routinely reported 
in the ISC catalog.) 

3.3.1.3 Estimation of the maximum magnitude possible in a seismic zone (Mmax) 

In the absence of any real physical knowledge of the particular geological features which will be the 
cause for the occurrence of future earthquakes, the assignment of a probability distribution of M,, 
followed the general technique which consists in determining the magnitude of the largest event ever 
observed in the seismic zone and adding an arbitrary 0.5 to that magnitude. Since one would be more 
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likely to have observed the real maximum in a very long period of observation than in a short period, we 
modulated the choice of bounds on the distribution depending on the length of time since the largest 
event. For example the largest event in Zone 7 (Crimea-Kerch-Caucasus) occurred 2000 years ago. This 
event was estimated to be a M5.8. We assumed that magnitude to be the value of the maximum, but 
allowed for some uncertainty (bounds 5.8 to 6.0). 

3.3.1.4 Seismic source zones 

Zones 1 and 2a: Carpathians 

The Carpathian mountains (Fig. 3.1.1.4) are part of the northern branch of the Alpine Mediterranean 
fold/thrust system, which has a very complicated tectonic history. The Eastern Carpathians, which are of 
most relevance to the PSHA, evolved during two phases of tectonic convergence (Royden and Burchfeil, 
1989). The first event, from the Cretaceous to the early Tertiary, deformed internal units in the 
Carpathians, and the second, from late Oligocene to Miocene, deformed the external flysch units. 
Subduction of oceanic lithosphere under continental fragments to the west continued until about the early 
to mid Miocene, when completion of the subduction of oceanic lithosphere caused the onset of continent- 
continent collision between the Eurasian plate to the east and the continental fragments to the west, with 
widespread compressional deformation of the European foreland. The arrival of thickened continental 
crust in the late Miocene caused over-thrusting and folding to the east of accreted sediments on to the 
foredeep deposits, and eventually collision ceased about 9Ma (e.g. Wenzel et al., 1998). Minor crustal 
deformation continues to the present, however, as evidenced by the low rate of occurrence of small and 
moderate crustal earthquakes, and continued low-level Pliocene-Quaternary faulting and folding (e.g. 
Linzer, 1996). Tacis (1997) suggests that present-day compression of the Eastern Carpathians may be 
driven by continuing extension and subsidence of the intra-Carpathian Pannonian Basin to the west, 
which, like the smaller Transylvanian Basin, formed as a back-arc basin. 

The source zones within the Eastern and Southern Carpathians (Zones 1,2b, and 3) shown in Fig. 3.3.1.2 
encompass the mountain belt to crustal depths and the Miocene foredeep. For completeness, we have 
extended the zone defined by Tacis (1997) (Zone 1) to the west (Zone 2b). Zone 1 excludes the very 
active Vrancea zone of moderate to large intermediate depth (>70 km) earthquakes at the intersection of 
the Eastern and Southern Carpathians, which constitutes a separate source zone (Zone 4) and is described 
below. The Zakarpatye region (Fig. 3.1.1.2) is also defined as a separate zone (Zone 3). 

The diffuse seismicity within the East Carpathian crustal zones appears to be associated with low-level 
deformation accommodated by minor reactivation of pre-existing faults (e.g. Linzer, 1996). Kharitonov et 
al. (1996) speculated that small earthquakes felt in the Zakarpatye region may be concentrated near 
mapped faults; crustal deformation has also been tentatively associated with faults in Bukovina (the area 
immediately north of the Romanian border in the vicinity of Chemotvsky, Fig. 3.1.1.2) (Somov, 1998). 
However, the seismicity and other available data do not suggest the existence of regional-scale faults that 
should be treated as significant discrete sources of hazard to the Ukraine NPPs. The maximum magnitude 
reported from Zones 1 and 2b is 5.3 (1875, Kharitonov et al., 1996), so that the best estimate maximum 
magnitude of 6.5 is conservative. 

Zone 3: Zakarpatye 

Zakarpatye is possibly distinct in that the seismic@ rate within this zone appears to be appreciably 
higher than in the rest of the Eastern Carpathians (Fig. 3.3.1.2). M. Lazarenko suggested at the Kiev 
workshop that this might be partly due to the relatively dense seismic network in this region during recent 
years. However, most of the epicenters shown on Fig. 3.3.1.2 are not instrumental but are based on felt 
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reports, many of which are described by Kharitonov et al. (1996), and a concentration of small, 
instrumentally located events is not evident in Fig. 3.1.1.3. The best estimate Mmax for this zone is 6.0, 
based on the largest reported historical event in 1778, estimated at M5.4 (Kharitonov et al., 1996). The 
largest instrumental magnitude for this zone is M4.3. 

Zone 4: Vrancea 

The tight cluster of intermediate depth (>70 km) earthquakes in the Vrancea zone continues to be the 
subject of intensive investigation. Four events having Mw greater than 6.9 have occurred during the last 
50 years, and there have been three earthquakes this century greater than Mw7.2 (Wenzel et al., 1998). 
Assuming that the record of large earthquakes for the last 600 years is complete, the average recurrence 
interval for Mw6.8 and greater is about 20 years, and for Mw7.2 and greater about 35 years, in agreement 
with the estimates for this century (Wenzel, 1998). The largest earthquake recorded instrumentally was 
Mw7.7 in 1940 (Onescu and Bonjer, 1997), and the largest historical event reported was the Mw7.8 
earthquake in 1802 (Onescu and Bonjer, 1997, based on Purcaru, 1979). 

The instrumentally recorded intermediate-depth earthquakes at Vrancea are tightly constrained to a 
volume only 70-80 km in length, 30-40 km wide and between the depths of 70 and 230 km; events larger 
than Mw6.5 have been confined to the 70-l 80 km depth interval. The main issue concerning Vrancea 
posed at the Kiev workshop was whether the intermediate depth seismicity is restricted to the volume 
defined by the instrumental seismic@, which then constitutes a well defined source zone, or whether 
there is a possibility that such events could occur elsewhere along the Carpathian arc to the NE. The 
results of recent seismic tomography and hypocenter relocation studies (Fan et al. 1998; Wenzel et al., 
1998) strongly favor the former. The Vrancea intermediate depth hypocenters define a plane that strikes 
NE and dips almost vertically to the NW. All of the earthquakes are coincident with a high-velocity zone 
imaged in three-dimensional P-wave velocity models that has the same strike and dip as the plane defined 
by the hypocenters. These are exactly the characteristics that delineate active island arc subduction zones, 
and strongly supports the interpretation that the earthquakes occur within a Benioff zone that defines a 
slab of NW-subducting lithosphere, imaged directly as high velocity (cold) material. However, the along- 
strike length of the high velocity zone is roughly the same as, or only slightly larger than, that of the 
seismicity distribution. This supports earlier interpretations that only a small remnant fragment of 
lithosphere is subducting under Vrancea and that subduction has ceased along the rest of the Carpathian 
arc, in agreement with the generally interpreted tectonic history of the arc. Therefore, we define the 
Vrancea source zone within the crustal volume defined by the intermediate depth seismic&y, and restrict 
the seismic@ throughout the surrounding Eastern Carpathian zone to crustal depths, as described above. 

The origin of the subducting fragment and the mechanics of this terminal phase of subduction remain the 
subject of debate. The most recent studies suggest that the subducting slab is either a small fragment of 
oceanic lithosphere that was formerly located between the East European platform and the Moesian 
continental sub-plate (Fig. 3.1.1.1) (Royden and Burchfiel, 1989; Linzer, 1996); or the last of the oceanic 
plate that preceded continental lithosphere into the subduction zone (Fan et al., 1998; Wenzel et al, 
1998). Fan et al. propose that the oceanic fragment remains attached to the lower part of the Moesian sub- 
plate. Wenzel et al. suggest that the deeper part of the oceanic slab was formerly attached to the 
westward-subducting European plate but now remains attached only to younger NW-subducting oceanic 
material that is in turn attached to the subducted Moesian sub-plate. 

We select the largest reported historical magnitude, Mw7.8, as our best estimate of the maximum 
magnitude for the Vrancea source zone. An upper bound magnitude can be estimated by assuming that a 
single event ruptures the entire 11 O-km down-dip width of the slab, which yields a rupture area of 8,800 
km2. Using the empirical magnitude-rupture area relationship for reverse faults of Wells and Coppersmith- 
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(1994), this corresponds to a mean magnitude of Mw8.0. However, Onescu and Bonjer (‘1997) showed 
that the events since 1940 have ruptured separate depth segments of the zone, and, based on the 
earthquake record for the last millennium, these authors conclude that even events as large as the 1802 
earthquake, which might rupture at most one or two adjacent segments, are likely to be very rare. 
Therefore; we consider that Mw7.9 is a conservative choice of the upper bound on Mmax. 

Dobrogea, northern Black Sea, Crimea, Kerch Peninsular, and NW Caucasus 

The Alpide thrust belt (Kimmerides) extending from Dobrogea (Fig. 3.1.1.1) across the 
mountains of southern Crimea and the Kerch and Taman Peninsulars to the NW Caucasus (fig. 3.1.1.1) 
defines a tectonic zone of low to moderate present-day activity. Deformation within this belt results from 
a minor component of slow convergence of Black Sea lithosphere in a generally northerly direction 
(ISMES, 1990; Saintot et al., 1998). Seismic activity in the region extending from offshore the western 
Crimea coast along the Kerch and Taman peninsulars is ascribed to deformation caused by 
underthrusting of the Black Sea lithosphere beneath the Neogene Alpide fold/thrust belt and accretionary 
wedge in a NW-NNW direction (ISMES, 1990). The direction of under-thrusting rotates to NNW-NNE 
under the NW Caucasus. The complex residual deformation of the NW Black Sea and Dobrogea is 
presently poorly understood. 

Definition of seismic zones in the Crimea-Caucasus region is described in considerable detail in the 
Crimea NPP seismic hazard report prepared by ISMES (1990). We have adopted the ISMES zone 
definitions for W. Crimea (Zone 6), deformed Black Sea plate (Zone S), and Yalta (Zone 9). In view of 
the large distances of all of these zones from the nearest NPP sites, we have amalgamated the remaining, 
less active zones defined by ISMES (S. Kerch Peninsular, Anapa, Crimean Mountain, Kerch Strait- 
Taman Peninsular, and fore-Caucasus) into a single Crimea-Kerch-Caucasus zone (Zone 7). The 
definition of the Dobrogea-N.W. Black Sea zone (Zone 5) was adopted from Tacis (1997). None of these 
zones make a significant contribution to the hazard at any of the NPP sites, so they are only briefly 
summarized below. 

Zone 5: Dobrogea-NW Black Sea 

The rate of activity within this zone is significantly lower than that further to the west, but a few moderate 
events have been reported from Dobrogea (Fig3.3.1.1.2,3.1.1.3). The maximum observed magnitude for 
this zone is estimated as 6.4 (1865). We assign a maximum magnitude of 6.5 and a maximum upper 
bound magnitude of 6.8. 

Zone 6: W. Crimea 

ISMES (1990) identify earthquakes within this zone associated with transpression along right-lateral tear 
faults in the shallow crust in addition to compressional events at the main detachment surface between the 
underthrusting Black Sea crust and the Alpide fold/thrust belt. We estimate a maximum magnitude mode 
of 5.8 with 6.2 upper bound for this zone based on the maximum recorded magnitude (lower bound) of 
5.7 (1957). 

Zone 7: Crimea-Kerch-Caucasus 
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ISMES describe deformation and seismic@ within the five original zones that make up this combined 
zone as ranging from relatively minor shallow activity along the S. Kerch Peninsular to moderate deeper 
compressive and transpressive activity associated with the main underthrust contact. The largest 
earthquake reported in the combined zone is estimated as M5.8 (63BC). 

Zone 8: Deformed Black Sea Plate 

Deformation seaward of the Crimean fold/thrust system is ascribed in part to normal faulting within the 
Black Sea crust where it bends downward to underthrust the Alpide system. Moderate seismicity within 
this zone extends to depths more than 30 km. The maximum magnitude recorded in this zone was 5.8 
(1966). 

Zone 9: Yalta 

This small zone contains the most intense seismicity and largest earthquakes recorded along the entire 
Dobrogea-Crimea-Caucasus belt. ISMES propose that relatively intense deformation is concentrated here 
along the upper edge of the underthrusting Black Sea plate where the plate experiences its maximum 
bending and where it incorporates the strong, brittle rocks comprising the Mid-Black Sea Ridge(Fig. 
3.1.1.1). The maximum event recorded in this zone was the M6.8 1927 earthquake. 

East European Craton 

All of the NPP sites are located within the Sarmatian block of the EEC, the ancient core of Europe that 
was assembled during the Paleoproterozoic. The basement of the Sarmatian block comprises several 
welded Archean terranes (e.g. Bogdanova and Gorbatschev, 1998). In common with other Craton regions, 
the very low rate of seismicity and absence of known young deformational structures attest to the long- 
term stability of the interior of the EEC. This is also indicated by recent finite element modeling (Tacis, 
1997) which suggests a very low strain rate within the Ukrainian interior. The largest observed event in 
the EEC was M4.8 (1954) which is our selection for the lower bound for M,,,,, and 5.3 for the upper 
bound. 

Zone 10: Pripyat-Dniepro-Donnets Rift 

The Pripyat-Dniepro-Donets Rift (PDDR) is the largest rift structure within the EEC and comprises three 
sub-basins; the shallow Pripyat trough, the deep Dniepro-Donnets basin, and the partially inverted 
Donates segment (Stovba et al., 1996; van Wees et al., 1996). The main rifting phase initiated during the 
Devonian, and the last major extensional episode occurred during the Carboniferous and Permian. The rift 
system has been the subject of intensive geophysical and geological studies, which include more than 
3000 line-miles of deep seismic sounding, oil and gas exploration, and drilling as deep as 6 km. The main 
rifI bounding faults dip at 70”-80”. Up to 4 km of normal displacement occurred on the main faults during 
the major rifting phases. Tectonic reactivation of the rift faults is often revealed by large-scale salt 
diapirism. Based upon such evidence, Stovba et al. (1996) suggested that faults were locally reactivated 
under a compressional stress regime during the late Cretaceous to early Paleogene, although some of the 
Kiev workshop participants consider it more likely that the compressional deformation seen on seismic 
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sections was the result rather than the cause of salt diapirism, which may have initiated with extension at 
mid-crustal depths. 

The PDDR formed a major topic of discussion at the Kiev workshop because of its similarity to other pre- 
Cenozoic rifts worldwide, which a detailed study by Johnston et al. (1994) shows to be strongly 
correlated with the occurrence of large earthquakes within stable continental interiors (SCR) (see Fig.4.3 
of the Johnston et al. report for the definition of SCR), and hence must be carefully evaluated as 
potentially significant earthquake sources. Johnston et al. showed that SCR earthquakes are strongly 
concentrated in pre-Neogene extended crust, and are caused predominantly by compressional reactivation 
of normal faults. Extended crust represents only 28% of SCR crust worldwide, but contains all SCR 
earthquakes greater than M7 and 68% of those greater than M6; the highest seismicity occurs in extended 
crust that has experienced additional later extension or later orogeny. The correlation is strongest for 
Mesozoic-Cenozoic rifts, which contain all historical earthquakes greater than 7, but it is also significant 
for Paleozoic rifts, such as the Southern Oklahoma aulacogen (Holocene surface faulting and 
paloearthquakes of about M7) and the Ottawa rift (Mw6.9 1925 earthquake) (see also Wheeler, 1998). 

The Paleozoic PDDR shows evidence for reactivation during the Cretaceous-Paleogene, and so fits the 
criteria for it to be considered as a potential seismic source. It is favorably oriented for compressional 
reactivation within the current regional stress field (the stress field is not well determined, however). The 
seismicity rate within the rift is extremely low (Fig. 3.3.1.2), but this is common to many of the active 
rifts studied by Johnston et al. Therefore, the PDDR discussion at the workshop focused on possible 
surface and subsurface evidence for Holocene-Quatemary faulting. There appears to be no definite 
evidence for active, large-scale Holocene-Quaternary surface faulting within the PDDR, but this is 
commonly the case for active or potentially reactivated rifts worldwide. Strakhov et al. (1997) reported 
that regional-scale fault zones in the Chernobyl vicinity may have been active in the Neogene-Quatemary, 
and appear to be associated with a concentration of microearthquake activity. However, no assessment is 
given by these authors of whether these fault systems are presently capable of producing significant 
earthquakes, as opposed to localizing the low-level deformation they describe. The deep subsurface 
within and surrounding the PDDR has been studied much more intensively than in most rifts (e.g. 
Wheeler, 1998), and evidence for large Quatemary fault offsets at depth has not been reported. Prominent 
faults clearly offset pre-Mesozoic horizons in deep seismic sections such as those discussed by Stovba et 
a1.,1996, but do not offset Cenozoic horizons. 

Based on the relatively abundant data available, there appears to be no evidence for Holocene-Quaternary 
reactivation of major PDDR faults, and there is no record of large earthquakes within the interior of the 
EEC. However, given the very low strain rate indicated by the Tacis (1997) finite element modeling and 
generally assumed within craton interiors, large earthquakes would be expected to be very rare events, 
with recurrence intervals on the order of 104 years or longer (see, for example, Savy and Foxall, 1998). 
Therefore, we admit the possibility of earthquakes as large as Mw7.5 [by analogy with the South 
Oklahoma aulacogen (Savy and Foxall, 1998)] within the PDDR, but assign them a probability of 
existence (i.e. confidence level) of only 1%. This combined with the very long recurrence interval of lo4 
years that was assumed for these events mean that they have a negligible effect on the hazard at any of the 
NPP sites. 

In the calculations, this 1% weighted zone is identified as Zone 14 and the other more likely alternative is 
Zone 10. 

Zone 11: East European Craton 
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The stable EEC is the host source zone for all of the NPP sites. According to the CIS catalog, the 
seismicity rate is somewhat higher towards the SW margin of the craton, adjoining the Eastern Carpathian 
zone (Fig. 3.3.1.2). Therefore, the western EEC within Ukraine is treated as a separate source zone (Zone 
2a). The maximum event reported for Zone 11 within 700 km of any of the plants is M4.8 (1954). The 
best estimate Mmax of 5.0 for this zone reflects the very sparse activity within all but the western EEC. 

Zone 2a: Western EEC 

The largest event reported in the catalog for the Western EEC zone has an estimated magnitude of 4.8 
(1842), based upon which a best estimate Mmax of 5.3 is assigned . 

Zone 12: Black Sea background 

All of the seismic@ and tectonics information available was used to define the sources of earthquakes in 
the active zones of the Dobrogea- West Black Sea, West Crimea, Crimea-Kerch-Caucasus,Yalta and 
Deformed Black Sea Plate (Zones 5,6,7 , 8 and 9). Therefore, these zones constitute the model that 
explains all the data, but since there is no evidence that earthquakes similar to those in Zone 5 could not 
occur in the rest of the Black Sea area a background zone was created. The probability distribution of the 
M,, is therefore the same as for Zone 5 but the low observed seismicity in zone 12 leads to very low 
seismic&y rates correspondingly. 

Zone 13: Vrancea Shallow events 

Zone 4 models the area where frequent deep events of magnitude between M5.5 and M7.9 occur. Zone 13 
is intended to account for the remaining events of smaller magnitudes that occur in the shallow portion of 
the crust in that same area. Its M,,, probability distribution has a mode (M5.3) lower than the minimum 
(M5.5) magnitude range for the deep large events, and its upper bound (M6.0) overlaps with it. 

Zone 14: Pripyat-Dniepro-Donnets Rift (Large rare events) 

Zone 10 actually models the occurrence of events for the most likely alternative (99% of the weight) 
which is that this area is not distinguishable from the European Craton. Zone 14 models the second and 
less likely alternative (1% of the weight) described above in the discussion on Zone 10. 

3.3.1.5 Uncertainty in the seismic source zones maps 

Each of the seismic sources described above is one possible representation of an area, or a physical 
structure of where earthquakes are believed to be likely to occur in the future, based on our understanding 
of the geology, the tectonics, the observed seismicity and all other relevant information that can be 
collected. Although the hazard at the Ukraine NPPs is likely to be governed by very few sources, and 
given the relative lack of features in the general areas around the NPPs, there was a need to express the 
uncertainty on the geometry of some of the regional seismic sources. The main uncertainty in the seismic 
sources map appears to be in the determination of whether zones 2a, 5 and 10 are distinct from the 
underlying EEC background or not. Other distant zones such as Vrancea and W. Crimea are so far from _ 
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the NPPs that their shape and small variations in their exact location do not affect the.estimate of the 
hazard at the sites. This point was discussed at the workshop and the experts were asked to estimate the 
relative weight that they would give to each of the possible pairs of alternatives. Zone 2a was believed to 
be three times more likely to be distinct from the background than to be undistinguishable from it. Thus 
we assigned a weight of 75% to the model where Zone 2a is distinct, 25% to the model where it is an 
integral part of the background. Similarly, the Dobrogea zone was assigned 80% for being distinct and 
20% for being part of the background and the PDDR was given 99% for being distinct and 1% for being 
part of the background. 

3.3.1.6 Seismicity rates in the seismic source zones (SSZ) 

Following the general approach described in the SSHAC report (SSHAC 1997) for this study, the 
seismic@ rates were established in a three-phase operation. 

First, we evaluated the available catalogues of earthquakes for the region of interest including the 
Russian catalogue (SSR),and the NOAA’s catalogue in addition to the information directly 
available at LLNL. We constructed a subset of these catalogues appropriate for this study by 
ensuring that there were no repetitions, no mining events and that all reported events were in the 
final subset. 

Second, we sorted the events in the catalogue into data files of events contained in each of the 
seismic source zone described in the previous section and we plotted the logarithms of the 
cumulative number of events versus the magnitude. For each of the SSZ, we first plotted the data 
alone for all the magnitudes available in the catalogue. A least square fit was then performed on 
the data for several values of the minimum magnitude in order to evaluate the degree of 
incompleteness of the data and to obtain several preliminary estimates of the seismic for 
estimating the knowledge uncertainty. 

Third we used the above input, information collected in the literature, discussions at the 
workshop and our experience from previous studies to determine the parameters of the 
probability density function of the seismicity rates for each SSZ. The parameters of interest for 
each SSZ were: 

- f(3.5), the number of events greater than magnitude 3.5 occurring per year in the 
source zone, 

- f(mr), the number of events greater than ml occurring per year in the source zone. 
Where ml is an arbitrary magnitude value, greater than 3.5 and smaller than the 
maximum ever possible in the zone (M,,&. 

- Mm, the maximum magnitude possible for the source zone. 

For each of the two magnitude values, 3.5 and ml, a triangular distribution of the annual rates of 
occurrence was determined. The parameters of the triangular distribution functions were, the 
Mode, a lower bound and an upper bound. 

The uncertainty in M,,, was also expressed with a triangular distribution, the parameters of 
which, mode, lower bound and upper bound, were determined mostly from tectonic 
considerations, as explained in section 3.3 above. 

For the Vrancea deep events several detailed studies are available which enabled us to have a 
more detailed comparison as shown in Figure 3.3.1.3.6. The estimates presented in Figure 
3.3.1.3.6 are taken from studies which include the study by Androne, 1998, and 1996, personal 
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communications, a study by Trifu and Shumela, 1996, a study by Radu et al and results of 
research presented in EOS, 1998. 

The results of this three-phase operation are summarized in Table 3.3.1.3.1 and in Figures 
3.3.1.3.1 to 3.3.1.3.14. 

3.3.2 Ground Motion Attenuation Characterization 

3.3.2.1 Ground Motion Models selection 

In this section, we document the selection of the appropriate ground motion model to be used in the study. 
We compared several recent models and selected different models depending on whether the seismic 
energy was initiated in a crustal environment similar to the eastern European craton, the shallow portion 
of the Vrancea zone (less than 1 OOkm in depth) or from the deep earthquakes of the Vrancea zone. 

We reviewed the models available for the stable region of North America and those for deep sources for 
which estimates of the uncertainty exist. Very few models available are applicable for Eastern Europe. A 
number of models have been developed recently for studies around Romania and for the Chernobyl site 
which take into account the inhomogeneity of the earth crust (ISMES, 1997 and Androne, personal 
communication, 1998). The Romanian models were developed with specific data relevant to the seismic 
activity of the Vrancea area and the seismic zones around Romania. 

The models selected for this study are described below and compared in Figures 3 i3.2.1 through Figures 
3.3.2.12. 

Case of the earthquakes other than at Vrancea: 

In recent years, ground motion relations describing peak ground motion and response spectra for eastern 
North America (ENA) and central North America (CNA) have been dominated by the use of physical 
modeling and stochastic models (e.g., Atkinson and Boore 1993; Boore and Atkinson 1987; EPRI 1988; 
Toro and McGuire 1987; and Toro et al. 1997). Two equally weighted sets of attenuations were used in a 
recent study of the stable region of Eastern North America by the USGS (USGS , 1996). Stochastic 
simulation and random vibration theory were used to derive both sets of relations. The first (Toro et al. 
1993) was a rock site model based on mbL, and the second set was a firm rock site model derived by 
USGS based on a Brune source model with a stress drop of 150 bars. 

The model developed by Atkinson and Boore, 1995, (from here called AB95) did provide an estimate of 
the epistemic uncertainty by adding a constant variance obtained from previous studies to the aleatory 
variance. In the Toro, Abrahamson and Schneider 1997 model, titled “Model of Strong Ground Motions 
from Earthquakes in Central and Eastern America: Best Estimates and Uncertainties” (from here called 
TAS97), the associated uncertainties are derived by considering the uncertainties in parametric values in 
the numerical simulations, as well as the uncertainties associated with the ground motion itself. Ad hoc 
probability distribution functions were assumed for the distribution of the uncertain parameters. In the 
USGS, 1996 study, the epistemic uncertainty was considered with the use of a range of models selected in 
an ad hoc fashion and assigned equal weights. 

Italian strong motion data were used in a study by Sabetta and Pugliese, 1987, to develop median 
attenuation curves for a range of soil site conditions in Italy. The data consisted of 190 horizontal 
components of accelerograms recorded from 17 earthquakes in Italy since 1976 and ranging from 4.6 to 
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6.8 magnitudes (M; for greater than 5.5, ML otherwise). The prediction equation provides the aleatory 
uncertainty only as the standard error on the logarithm of the ground motion value. 

Case of the earthquakes from Vrancea: 

The Atkinson and Boore model developed for the Cascadia region of the Western United States, for rock 
sites, (Atkinson and Boore, 1997), uses a stochastic mode1 approach. The mode1 is based on the Brune 
point source with a stress parameter of 50 bars. The model were compared to ground motion data from 
Cascadia region but no data from large subduction zones in other regions. The equation derived were 
deemed adequate for predicting motion from large events in the magnitude (M,) range and conservative, 
i.e. overpredictive, for the very large events at distances less than 100 km. Since the Vrancea zone is 
more than several hundreds of kilometers from any of the five sites in Ukraine, we considered this model 
as appropriate for this study. The authors provide a detailed analysis of the aleatory uncertainties for their 
model. 

The ISMES mode1 was developed for the Chernobyl study (ISMES, 1997). It relied on a worldwide set 
of recordings from 91 events having depths in the range of 100 to 150 km, very similar to the Vrancea 
zone. The region of origin of these events includes Vrancea itself, Taiwan, Papua-New Guinea, Japan and 
the Cascadia area. A standard multi-linear regression was performed to obtain the median attenuation 
curve from these data. 

The Romanian models were developed recently for the characterization of the seismic hazard at the site of 
the Romanian nuclear power plant. A special attention has been given to the directivity of the attenuation 
showing different attenuation rates in the direction NW-SE as NE-SW specifically from the Vrancea 
earthquakes. It is also the only set of models we found that differentiates between shallow and deep 
Vrancea events (Androne, personal communication, 1998). These models do not provide detail 
uncertainty estimates. 

The following models were selected 

l BA95, Atkinson and Boore, 1995 

l SP87, Sabetta and Pugliese, 1987 

l TA97, Toro and Abrahamson, 1997 

l AB97, Atkinson and Boore, 1997 

l ISMES97, ISMES, Chernobyl Study, 1997 

l ROMl, Androne, persona1 communication, 1998 

l ROM3, Androne, personal communication, 1998, 

as representative of the most recent models of ground motion prediction for the sites in Ukraine. In the 
final selection, our purpose was to select models that, for use in the hazard calculation, would incorporate 
the opinion of the committee of ground motion modelers, including the epistemic uncertainty associated 
with it, without being biased with over-conservatism or under-estimation of the ground motion. 

3.3.2.2 Knowledge uncertainty in the ground motion model selection 

Uncertainty in the hazard calculations stems from the random, also called aleatory, uncertainty in the 
physical process itself and from our lack of total knowledge in this process. The knowledge uncertainty, 
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also called epistemic uncertainty, is dealt with by selecting a range of models that the scientific 
community would agree, include the range of viable models and, following the SSHAC approach 
(SSHAC, 1997), assigning weights to the models. The task of assigning these weights is delicate and 
relies on an evaluation of the models, how well they explain the data, how well they have been analyzed, 
peer reviewed, documented and a certain degree of subjectivity on the part of the analysis team. 

In this section we develop the arguments in support of the weighting scheme used in this analysis. The 
resulting weights are presented in Table 3.3.2.1. 

We compared the seven peak ground acceleration prediction models for three magnitudes: M, = 4,5,6 
and 7, corresponding to mb& 3.7, 5.5,6.3 and 7 as obtained by the relation: 

where 

M,=2.715-0.277MN +O.l27M; (Boore and Atkinson 1987) 

MN is the magnitude scale developed by Nuttli, and is equal to mbLg. 
AB95, BA97 and TA97 use the M, scale. SP87, ISMES97 ROM1 and ROM3 use local magnitudes for 
small events and M, for large events. 

The models have been grouped into three groups: 

l Group 1, Models for events other than Vrancea, 
-BA95 
-SP87 
-TA97 

l Group 2, Models for deep Vrancea events, 
-AB97 
-1SMES97 
-ROM1 

l Group 3, Models for shallow Vrancea events. 
-BA95 
-SP87 
-TA97 
-ROM3 

Figures 3.3.2.1 through 3.3.2. I2 show the models for the median estimates of the PGA in cm/s/s as a 
function of the distance for M, = 4, 6, 7 and mbLg = 3.7, 5.5, 6.3 and 7, respectively. The first four figures 
are for the events of Group 1, the next four are for Group 2, and the last four are for Group 3.The figures 
show a remarkable degree of agreement in groups I and 3. For the distances of interest, the BA95 model 
sits well in the middle of the set, but for the deep Vrancea earthquakes of group 2, it predicts higher 
accelerations for short distances, and an order of magnitude smaller accelerations for distances in the 
range of 400 to 700 km, as compared to the other two models at magnitude 4, (see Figure 3.3.2.5). At 
large magnitudes, ROM 1 is approximately an order of magnitude higher than ISMES97 and AB97 is an 
order of magnitude lower. In our opinion, the level of documentation provided in the literature for the 
AB97 model lead to a high level of credibility. The ISMES97 model was developed with world data and 
deserves also a high level of credit and given that ROM1 has been only obtained by private 
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communication, without the benefit of a peer review, we decided to assign a lower weight to that model 
than to the other two. 

Overall for all the other magnitude ranges and for both Group 1 and Group 3, the models span a 
reasonable range of prediction values and lead to a level of knowledge uncertainty consistent with our 
previous studies in the United States (Savy et al, 1998, Savy and Foxall, 1998.) For Group 2, we feel 
comfortable that the range of possibilities is adequately covered by the three models selected, with AB97 
and ROM 1 providing reasonable lower and upper bounds, respectively. 

To express our belief, as a proxy of the belief of the entire scientific community, that each of the models 
was appropriate to Ukraine, the Craton and the Vrancea area, we used a combination of each of the 
models in each group by assigning a weight to each. The weights expressed the degree to which each of 
the models represented the available data for the Ukraine Craton (stable region), the Vrancea deep and 
Vrancea shallow area, and the level of documentation, review and challenge that each had been subjected 
to. These weights, which express our knowledge uncertainty, are summarized in Table 3.3.3.1 and the 
equations for each of the models are given in Table 3.3.3.2. 

3.3.2.3 Aleatory uncertainty in the ground motion predictions 

The aleatory uncertainty is that uncertainty which, if we were using the absolute correct median estimate 
attenuation model, would express the variability in the prediction for a given magnitude and distance. For 
a model derived empirically from data collected in observed events, this uncertainty is represented by the 
residuals from a best-fit calculation. 

In this study, we used the estimates of the standard deviation obtained by Atkinson and Boore, 1995 for 
the Craton models, the estimates obtained by Atkinson and Boore, 1997 for the deep Vrancea events and 
the estimate obtained by the Romanian study, (Androne, personal communication, 1998), for the shallow 
Vrancea events. We used the ranges of values considered appropriate in the United States, Central and 
Eastern U.S., to express the knowledge uncertainty. For the case of the shallow Vrancea events for which 
the Romanian study shows a much larger standard deviation, we used a slightly larger value anchored on 
the Romanian mean estimate and with larger range. 

The values used for the standard deviation on the common logarithm of the acceleration prediction are 
summarized in Table 3.3.2.3. 

3.3.2.4 Spectral attenuations and spectral shapes 

The standard approach in the United States is to select a range of ground motion models representing 
several frequencies of the response spectrum. Typically 5 to 10 frequencies are considered. The results of 
the hazard analysis is then a set of Uniform Hazard Response Spectra, one for each return period, in 
which the site specificity is reflected by applying site correction factors which are calculated from the 
geotechnical information on the top layers above bedrock at the site. The parameters necessary to 
characterize the site are: the stratigraphy and mechanical properties of the materials in those top layers, 
such as the G modulus, the material damping as well as their variation as a function of strain. 
For this study, we were able to obtain data on the local site conditions for Chernobyl, Rivne and South- 
Ukraine. Some of this data were obtained at the workshop, in Kiev, and some of it is taken from the two 
studies performed by ISMES. 
The most complete description available to us is for Chernobyl for which a detailed stratigraphy and soil 
material properties are given in a study funded by the European Commission (ISMES, 1997). Table 
3.3.2.4 gives a representative average of those soil conditions. 
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For the South-Ukraine site, the Status Report, SUSA-200DLllE.XW was used. Revision 1 provides 
some information. The” basement of the reactor building foundation plate is [made ofl granite gravel with 
some [small] insignificant inclusions of hard clays and sands of different grains”. The reported G modulus 
of the granite gravel is 4.0 lo7 N/m2 varying from 3.8 to 5.8 lo7 N/m2. Assuming a generic volumic mass 
of 2000 kg/m3 for the gravel gives a shear wave velocity of 120 to 183 m/set, therefore equivalent to the 
top layer found at Chernobyl. 
Mr. Sergiy Vyzhva provided the shear wave velocity of the top 30 meters at Rivne at the workshop in the 
form of a plot of V, as a function of depth. The lowest shear wave velocity near the surface is 200 m/set 
and monotonously increases to I 150 m/set at 3 8 m of depth. This makes this site different from 
Chernobyl and definitely stiffer, similar to a western U.S. rock. 
For the other two sites, we were not able to acquire additional information on the local site conditions. 
Considering that the five sites are located on the European Craton, a stable geologic structure, the spectral 
shapes developed for the Chernobyl site were judged appropriate to be used for the other sites for which 
no specific information is available. Therefore the hazard calculations were performed for the PGA only 
and the review level earthquake was used to anchor the spectral shapes. 

3.4 Hazard Estimates 

3.4.1 Description of the Sites 

The general location of the five sites in Ukraine is shown in Figure 3.4.1, with the coordinates used in the 
study. These coordinates are within a resolution of no more than 10 km, but since the sites are located in 
areas of low to very low seismic&y rates, and the hazard is dominated by distant earthquakes, the 
resolution of the location coordinates used here is adequate. 

3.4.2 Total Hazard at the Sites of the Ukraine Nuclear Power Plants: Nominal Case 

The analysis was performed using the ground motion models, the zonation maps and seismicity rates 
described in section 3.3. The results for rock site conditions at the foundation level are presented in 
figures 3.4.2.1 to 3.4.2.5 for each of the sites. In those Figures four hazard curves are shown which 
represent the 15’h, 50th, 85’h percentiles of the hazard and the arithmetic mean hazard curve. The 
horizontal axis is in terms of peak ground acceleration (PGA), in cm/sec/sec, and the vertical axis gives 
the annual probability of exceedance of the PGA. These hazard curves are obtained by considering all the 
possible events, which can generate the PGA, weighted by their respective rates of occurrence and 
including the uncertainties. Figure 3.4.2.6 shows the mean hazard curves for the five sites and the results 
are tabulated in table 3.4.2.1. These results are also summarized in Figure 3.4.2.7 that show the review 
level earthquakes PGA (cm/s2 for the five sites and for the five return periods. 

3.4.3 De-aggregation of the Hazard 

The hazard estimates at the five site locations were de-aggregated to determine the relative contributions 
of magnitudes and distances to the total hazard to enable the calculation of the mean magnitude (M-bar) 
and mean distance (D-bar). M-bar and D-bar are interpreted, in the NUREG and DOE guidelines, as the 
parameters of a deterministic earthquake that would generate at the site the same ground motion as the 
ground motion associated with the hazard level selected. That is, if we select a hazard level of 10d, i.e. a 
10,000 year return period event, which from the mean hazard curve would lead to some PGA value, say 
300 cm/s2 for example, we calculate the average parameters (M-bar and D-bar) which contributed to this 
level of hazard. Then we would expect an earthquake of magnitude M-bar located at a distance D-bar 
from the site to generate a ground motion PGA of approximately 300 cm/s2. 
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This operation was performed with a discreet set of magnitude and distance intervals and the 
contributions were first calculated for each of the bins of distance and magnitude and for five hazard 
levels, namely for the loo-year, 500-year, 1 OOO-year, 1 O,OOO-year and I OO,OOO-year return period events. 
These results are shown in Figures 3.4.3.1 to 3.4.3.25 in a set of 3-D plots. The horizontal axes represent 
the distance from the site and the magnitude of the earthquakes and the vertical axis gives the contribution 
of each of the bins, distance-magnitude, to the total hazard. These figures show that the hazard is 
controlled by the seismic&y in the regions around the sites for the low return periods. As the return period 
increases, the distant seismic&y from large earthquakes takes over. Therefore for the large return periods, 
the contribution to the hazard is bipolar. (See Figures 3,4.3.3,3.4.3.6,3.4.3.9,3.4.3.12 and 3.4.3.15.) 
Consequently, the single parameter (M-bar, D-bar) is not a good descriptor of the realistic contributing 
events and the spectral shapes to be considered in the design spectra will be an envelop of the regional 
and the distant spectral shapes, as explained in chapter 4.0. 

This situation arises from the fact that the Vrancea seismic zone has a rate of occurrence very high as well 
as having very high upper magnitude cutoff. 

3.4.4 Sensitivity Analysis 

3.4.4.1 Effect of the lower magnitude bound of integration 

Integrating from IqQ = 5 (M, - 4.5) rather than 3.75 reduces the hazard estimates in the 10s2 to 10” 
hazard range. It does not reduce it in the range of interest between 10m3 and 10”. The ground motion is 
reduced less than 1% at the 10’ hazard level. 

3.4.4.2 Sensitivity to the weight given to the Pripyat Dniepro Donnets Rift (Large Events) (PDDRL) 

In the nominal calculations, the PDDRL is given a low weight Although low (W = 1% or lower), the 
weight on this alternative model did not exclude a possible substantial contribution for low to very-low 
hazard levels (i.e., lo4 or lower annual probability of exceedance). We tested this hypothesis by virtually 
eliminating the PDDRL as a viable model, by dividing its weight by IO. The results from this comparison 
do not show any difference in the estimated hazard. Therefore, in this probabilistic analysis, where the 
dominant contributions at large return periods comes in large part from the high recurrence rates and high 
magnitudes Vrancea seismic zone, the zones with moderate seismicity rate and/or low magnitude cutoff 
and/or low probability of existence do not contribute significantly to the hazard. In a deterministic 
context, this would not necessarily the case. 
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4.0 DESIGN PARAMETERS 

4.1 Introduction 

The purpose of this study is primarily to establish a set of hazard curves for each Ukraine nuclear 
power plant sites to be used in a simplified PRA, and to establish a set of design parameters to be 
used as review level inputs (the Review Level Earthquake RLE or the Controlling Earthquake 
CE). The standard methods in the U.S. determined by the NRC (NUREG 1.165) and applied by 
the DOE (DOE STD-1023-95) call for a site-specific analysis which requires extensive 
knowledge of the soil properties at the site. Since that information was not available to us for all 
sites, at the time of the analysis, the method was modified for the circumstance. Instead of 
performing a full spectral hazard analysis, we performed the analysis with the best PGA 
attenuation models and we used the spectral shapes developed for a generic Craton in the 
Chernobyl study. 
Since we are not calculating uniform hazard spectra (UHS), there is no need to compare them 
with a local site-specific spectrum at the two frequencies recommended in the standards (average 
of l-2.5Hz and average of 5-10Hz). 
The design spectrum for a particular return period is the appropriate spectral shape (in all cases 
the spectral shape from a distant event in the Vrancea zone) anchored to the PGA corresponding 
to the return period. This spectral shape is derived from a distant large earthquake; therefore it 
emphasizes the low frequencies and contains very little energy at high frequency. Thus, in 
keeping with the spirit of the standards, an arbitrary deterministic scenario of a small to medium 
earthquake that could occur in the vicinity of the sites, at a reasonable rate, must be considered to 
ensure that high frequencies (in the 5-10Hz range) are not underestimated. What is a “reasonable 
rate” is difficult to formalize. We followed common practice in the U.S. in selecting the 
maximum of earthquake magnitudes ever observed locally and locate it at 15 km from the site. 
For Chernobyl we relied on the ISMES study which used the same approach but used a catalogue 
of events around the site and from similar tectonic regions to determine the shape of the local 
events spectrum (ISMES, 1997 .) 
Given the lack of information on the soil site conditions, we also considered using the standard 
spectral shapes defined by the NRC in the NUREG-0098 document. Figure 4.1.1 shows the four 
spectral shapes considered for use in this study. 

The shapes of the Figure 4.1.1 are normalized to lg PGA and are as follows: 
- Rock 0098 = NUREG-0098 for generic rock conditions, 
- Soil 0098 = NUREG-0098 for generic soil conditions, 
- ISMES Far-field = Spectral shape defined in the ISMES 1997 study for Chernobyl 

for far field events of the deep Vrancea type, 
- ISMES Near field = Spectral shape defined in the ISMES study for Chernobyl for 

near-field events. 

Aside from the 5 Hz spectral value for the ISMES Far-field, which is above the standard 0098 
spectra, the spectra are fully enveloped by them. Consequently, we find it appropriate to use the 
NUREG 0098 spectral shapes for all sites were no soil data are available. For Chernobyl, it is 
appropriate to use the shapes developed specifically for that site. The data available for South- 
Ukraine and for Rivne support the selection of the generic soil and for the other two sites, 
Khmelnytskyy and Zaporizhzya, for lack of information we use the rock site conditions, which 
are the most conservative. 

Summarizing, the six spectral shapes used in this study are: 
- Chernobyl: ISMES 1997 two spectral shapes (Near-field and Far-field), 
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- Khmelnytskyy: NUREG 0098 Rock condition, 
- Rivne: NUREG 0098 Soil condition, 
- South-Ukraine: NUREG 0098 Soil condition, 
- Zaporizhzya: NUREG 0098 Rock condition. 

4.2 Application to Ukraine NPP sites 

The design criteria development followed these steps: 

Step I: We performed a PSHA for the sites, producing PGA mean, 15’h, 50th (median) and 85’h 
percentiles hazard curves. The results of this step are shown in Figures 3.4.2.1 to 3.4.2.6. 

Step 2: From the hazard analysis, we used the mean hazard curves to determine the level of ground 
motion (e.g., PGA) corresponding to the lOA hazard corresponding to the applicable hazard level 
defined in the US regulations for nuclear power plants and nuclear facilities (NUGEG 1.165 and 
DOE STD 1023-95). 

Step 3: We de-aggregated the mean PGA hazard curve to determine the contribution of each selected bin 
of magnitude and distance. 

Step 4: We determined the parameters, M-bar and D-bar, of the controlling earthquakes (also called the 
Review-level Earthquake) as the weighted average of magnitudes and distances, with the 
contributions used as weights and using bin-central values in calculations. 

Step 5: We performed Step 4 for five return periods. The results of this step 3 are shown in Figures 
3.4.3.1 to 3.4.3.25. The results of step 4 are summarized in table 3.4.2.1 which gives the 
magnitudes and distances for the controlling earthquakes, as well as the PGAs (in crn/sec/sec) for 
each return period and for each site. The return periods used in the analysis are 100 years, 500 
years and 1000 years. They correspond to values used at the time of design of the NPPs in 
Ukraine, 1000 years and 10,000 years which are used for the design of nuclear facilities in the 
U.S. and 100,000 years is routinely calculated for checks on the trends. 

Step 6: We developed the 5%-damped design response spectrum for each of the controlling earthquakes 
of Table 3.4-2.1 for loo-year, 1 OOO-year and lO,OOO-year return periods. We used the 84’h percentile 
spectral shapes described in section 4.1, shown in Figure 4.1.1, and anchoring them to the PGA 
corresponding to the desired mean hazard level. For example the NURFG 0098 spectral shape for soil 
conditions was anchored to a PGA (33Hz) value of 196.0 cm/sec2 for the lO,OOO-year return period design 
spectrum at the South-Ukraine site. 

The results for the five sites and for loo-year, 1 OOO-year and 1 O,OOO-year return periods are shown in 
Figures 4.2.1,4.2.2 and 4.2.3. 

Since the Far-field events at Chernobyl generate a response spectrum above that of the Near-field events, 
we retain only the former. 

4.3 General comments on the design spectra results 

In a first examination of the results based only on the estimates of the hazard for the PGA on 
rock at the five sites, we found that the South-Ukraine site was the site exposed to the highest 
hazard. When we introduced the response spectral shapes we were obliged to make assumptions 
on the site conditions for those sites where no data was available. We adopted the current 
practice, which is to use the generic spectral shapes established by the NRC for those cases. _ 
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Since the generic rock spectrum is higher than the generic soil and that furthermore theses two 
are higher than the empirical spectrum determined for the Chernobyl site by an amount greater 
than the ratio of the PGAs from the hazard curves, the ranking of the sites could be considered 
different now when examining the design response spectra, as shown in Figures 4.2.1 to 4.2.3. 

Collecting data on the soil properties of each of the sites, except Chernobyl for which the 
information is already available, could help in reducing the design values for the 4 other sites. 

4.4 Comparison with Russian and IAEA rules 

4.4.1 Russian rules for design of nuclear power plants at the time of design of the Ukraine 
NPPs 

The design rules for nuclear power plants at the time of design of the Ukraine plants 
distinguished two types of facilities: 

l Facilities not necessary for the safety of the plant, 
l Facilities, buildings and structures in which safety related systems are located 

constitute the category 1. 

Facilities not in category 1 are designed for a standard type of seismic events, the Design 
Earthquake (DE), which is defined by a “Repetition Time” of 100 years. 
Facilities in Category 1 are design for a large rare event called the Maximal Calculated 
Earthquake (MCE) which is defined by a “Repetition Time” of 10,000 years. 
The DE and MCE are defined in terms of Medvedev Sponheuer Karnic (MSK) intensity, which 
is the scale commonly used in Eastern Europe. For the ranges of intensities considered, the MSK 
scale is similar to the Modified Mercalli Intensity (MMI) scale used in the USA. 

From the information available to us, we can estimate the range of PGA values that the design 
earthquakes correspond to for the South Ukraine NPP. The DE for South Ukraine was 
established as MSK V and the MCE as MSK VI. It is well known that there is no direct 
relationship between Intensities and PGA (Hershberger, 1956), but it is possible to determine a 
range of possible values from observed strong motion data. Trifunac (Trifunac, 1975) compiled 
Intensity-PGA relationships from 9 researchers, including Richter (1958), Medvedev and 
Sponheuer (1969). His correlation is shown in Figure 4.4.1.1 as two curves, which bound the 
range of observed PGA values. The range is approximately the size of one decade. 
For MM1 5 the range of PGA values is from 10 cm/sec2 to 100 cm/sec2 and for MM1 6 the range 
is from 16 cm/sec2 to 250 cm/sec2. Our results are 54.5 cm/sec2 and 196.0 cm/sec2 for the lOO- 
year and 1 O,OOO-year Return Period respectively. 
Conversely, Figure 4.4.1.1 shows that a 196.0 cm/sec2 acceleration could have been produced by 
an earthquake in the range of MM1 intensity VI to anything greater than intensity VIII with a 
central value of about MM1 VII. 
It is therefore difficult to compare with results of previous studies because of the difference in 
the approaches, one being deterministic based on intensity data which does not correlate well 
with observed ground motion, and the other probabilistic based on actual recordings of strong 
ground motion. It can only be said that the two sets of results are not inconsistent with one 
another. - 
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4.4.2 IAEA rules for establishing seismic design parameters. 

The IAEA rules, reprinted below, are taken from the Safety Guide No.SO-SG-Sl which stipulates 
that two levels of earthquake severity should be considered and their application is clarified in 
the Safety Guide No.50-SG-S2: 

l “SL-2 level corresponds directly to ultimate safety requirements. This level of extreme 
ground motion shall have a very low probability [note: In some member States, SL-2 
corresponds to a level with a probability of 1 O-” per year of being exceeded] of being 
exceeded during the lifetime of the plant and represents the maximum level of ground 
motion to be usedfoOr design purposes. Its evaluation shall be based on the 
seismotectonic model and a detailed knowledge of the geology and engineering 
parameters of the strata beneath the site area. 
Regardless of the exposure to seismic hazard it is recommended that a design basis 
ground motion corresponding to the safety level SL-2 earthquake be adoptedfor 
every nuclear power plant. The recommended minimum level is a peak ground 
acceleration of 0. lg (zero period of design response spectrum). 

l The SL-I level corresponds to a less severe, more likely [In some Member States, SL- 
I corresponds to a level with probability of I Q2 per year of being exceeded.] 
earthquake load condition which has a different safety implication than SL-2. ” 

The IAEA recognizes that the methods used to establish the earthquake levels can be either 
deterministic or probabilistic. The general approach would therefore be similar to the NRC 
Appendix A (Deterministic case) or similar to the approach used in our study for the estimation 
of the seismic hazard (Probabilistic case). 
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Zone 

No. 

1 . . . . . . . . . . . . . . . . 
2b . . . . . . . . . . . . . . . . 
3 . . . . . . . . . . . . . . . . 
4 . . . . . . . . . . . . . . . . 
5 . . . . . . . . . . . . . . . . 
6 . . . . . . . . . . . . . . . . 
7 
8 
9 . . . . . . . . . . . . . . . . 

2a . . . . . . . . . . . . . . . . 
10 
11 

12 
13 
14 

Source Zone 

Active Tectonic 
Carpathian . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
East Carpathian extension* (EEC) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Zakarpatye . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Vrancea (Deep events) 
Dobrogea- W.-Black Sea . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
West Crimea . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Crimea-Kerch-Caucasus 
Deformed Black Sea Plate 
Yalta . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . * . . . . . . . . . . . . . . . . . . . . . . . . . . * . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Stable Continent 
Western EEC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Pripyat-Dniepro-Don. Rift (PDDR) .._..... - -..-................ - .._........-.......-...............--.--..-....-.. -._ ..___ -..._._ ,,... -_..___ 
Eastern European Craton 
Other Zones ..-.......................--.-...... - -.-.-..._...._........ .._.......... __. _...._ - __......_..._ .._ 
Black Sea background 
Vrancea (Shallow events) .._...._... L .._..__.___..... _ .._.___....... _..._ - __,__....____. _.,._ .._..........__.......... “_ 
PDDR (Large rare events) 

- 

( 

I 

. . . . . . 

. . . . . . 

. . . . . . 

. . . . . . 

. . . . . . 

. . . . . . 

. . . . . . 

. . . . . . 

-_. ..- 

.__ ._. 

Distance from Site Observed 
M max M max 

D min NPP Site Distribution 
M Date 

GO Name low mod high 
e 

140 Khmelnytskyy 5.3 1875 6.0 6.5 6.7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ............ .........: ....... 
............... ........................................... ............. 
300 Khmelnytskyy 5.4” 

..... ..................... ................. ................. ................. 
1778 5.4 6.0 6.8 ............... ........................................... 

t t 
.................... ..................... ................. ........................... . ...... 

360 South-Ukraine 7.7 1940 7.7 7.8 7.9 
280 South-Ukraine 6.4 1865 6.4 6.5 6.9 ........................................................... ...................... ...................... ................. ................. ................. 
280 Zapor./S.Ukra. 5.7 1957 5.7 5.8 7.2 ............... ........................................... ...................... ...................... ................. ................. ................. 
230 Zaporizhzya 5.8 63BC 5.3 5.8 6.0 
280 Zaporizhzya 5.8 1966 5.8 6.0 6.3 
280 Zaporizhzya 6.8 1927 6.8 6.9 7.3 ............... ........................................................................................ ................. ................. ................. 

80 

I 

Khmelnytskyy 4.8 1842 4.8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ,................ 
-10 Chernobyl 4.8 1972 4.8 -.-_._- --^.......__. - --............. - .-..-.-. . - --.-.---... ..-..-.-^.............. - ---. .._...__..._._........... 
All sites are in EEC 4.8 1954 4.8 

I 

Note: 1. Zone 2b is undistinguishable from Zone 1. 
2. Magnitude 6.8 possibly in 1834. 

Table 3.3.1.1: Preliminary characterization of the source zones 
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Zone Area M j max f(3.5)’ f(m# 
(km2) mod low high mod low high mod low high 

I. East Carpathian 6%) 200668 6.5 6.0 6.7 .12 .Ol .35 Et .0063 .003 .012 
2a. Western EEC (WEEC) 79287 5.3 5.0 5.5 .009 .006 .02 4.5 .003 .002 .0061 

I 26. EC Extension (ECE) I 16765 I 5.3 I 5.0 I 5.5 I .03 I .002 I .005 I 4.5 I .005 I .OOl I .003 I 

3. Zakarpatye 0 23192 6.0 5.4 6.8 .06 .03 .12 5.0 .0025 .002 .006 
4. Vrancea Deep VW 11774 7.8 7.7 7.9 1.0474 .l 124 2.2384 6.5 .05 .04 .13 
5. Dobrogea (DBR) 30751 6.5 6.4 6.9 .006 .004 .008 6.0 .0012 .OOl .0025 
6. West Crimea MC) 6802 5.8 5.7 6.2 .02 .013 .03 5.5 -003 .002 .004 

1 7. Crimea Kerch Caucasus (CKC) 1 43163 1 5.8 1 5.8 t 6.0 1 .045 1 .03 1 .06 1 5.5 1 .0036 1 -003 1 .007 1 
I 

’ 8. Deformed Black Sea Plate (FB$ 62214 6.0 5.8 6.3 .08 .06 .14 5.5 .008 .006 .014 
9. Yalta 0 4528 6.9 6.8 7.3 .13 .07 .2 6.5 .004 .0025 .006 
IOPDDR 5 (PDDR) 141343 5.0 4.8 5.3 1.3e-3 7.7e-4 2.6e-3 4.5 5.0e-5 3.3e-4 8.8e-4 
Il. East European Craton WC) 639669 5.0 4.8 5.3 .006 .0035 .012 4.5 .0023 .0015 .004 
IZ.Background Black Sea PCS) 91676 6.5 6.4 6.8 .0173 .013 .034 4.5 .00116 .OOl .004 
I3. Vrancea Shallow n/S) 11774 5.3 5.0 6.0 .7 .3 1.4 5.0 .125 .07 .25 

1 14.PDDR Large rare events (PDDRL) ) 141343 ) 7.5 ) 7.5 1 7.6 ) 1.3e-3 1 8.0e-4 ) 2.7e-3 1 7.5 1 5.0e-5 1 l.Oe-6 1 l.Oe-4 ) 

Table 3.3.1.3.1: Seismicity rates modeling of the seismic source zones used in the Ukraine PSHA study 

Note: 1 f(3.5) = Number of events greater than M 3.5 per year 
2 f(mr) = Number of events greater than magnitude ml 
3M,,= Absolute magnitude possible in the zone. 

f(3.5), f(mr) and Mm, are described by triangular probability density functions with mode, lower bound and upper bound 
given by “mod “, “low” and “high” in the table. 

4 The Vrancea source zone is divided into Shallow and Deep. The deep events are characterized by events greater than 
magnitude 5.0. Thus these estimates are f(5.0). 

5 PDDR is given the same seismicity rates per km2 than the EEC for the alternative to the large rare events. 
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Model Index 

BA95 
SP87 
TA97 
AB97 

Group 1: 
Craton 

Weight in % 
45 
20 
35 

Group 2: 
Vrancea Deep 
Weight in % 

50 

Group 3: 
Vrancea Shallow 

Weight in % 
25 
10 
25 

ISMES97 40 
ROM1 10 
ROM3 40 

a I I 

Total I 100 I 100 I 100 I 

Table 3.3.2.1: Weights Assigned to Each of the Seven Attenuation 
Models Selected for Ukraine 

- 
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Table 3.3.2.2: Equations of the median estimates for the Seven 
Attenuation Models selected for Ukraine, for Rock 

Note: A = Acceleration in crn/sec/sec 
M = Magnitude. M, for BA95, AB97 and TA97, M, for Mc5.5 - ML otherwise 

for others 
d = Epicentral Distance in km 
In = Common logarithm 
Log = Logarithm base 10 

BA95: 
Log A = 3.79 + 0.298 (M-6) - 0.0536 (M-6)2 - Log R - 0.00135 R 

with R= J7Tiii 

SP87: 
Log A = 3.292 + 0.705 M - In R 

with R = Jd2 +5.82 

TA97: 

Rh4 In A = 9.089 f 0.81 (M-6) - 1.27 In RM + 0.11 max{ln- 
100 

,O} - 0.0021 RM 

with RM= dw 
and RJB = Joyner Boore measure of distance 

AB97: 
In A = 7.569 + 0.733 (M-6) - In Ru - 0.00645 Ru 

with RH = ,/m 

ISMES97: 
lnA= 1.317-0.826lnd+0.652M 

ROMl: 
In A= 1.96 + 1.3 M - 1.224 In (Ru + 40) 

with RH = dm 

ROM3: 
In A = 6.483 + 0.544 - 1.333 In (Ru + 20) 

with RH = ,/m 
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Table 3.3.2.3: Characterization of the Aleatory Uncertainty in the 
Ground Motion Predictions 

Note: The standard deviation CF is described by triangular probability 
density function with mode oMode, 5th percentile o’L.ower and 95th 
percentile O’l,PPer . 

Range of Standard Deviation on 
In(A) 

0 
LOWF 

OMode 0 
UPPer 

Group 1: Craton 0.46 0.55 0.70 
Group 2: Deep Vrancea 0.40 0.55 0.78 
Group 3: Shallow Vrancea 0.50 0.67 0.80 

Table 3.3.2.4: Stratigraphy and material properties of the Cherl 
site (from ISMES, 1997) 

Layer 
Thickness 

w 
VS 

(m/see) 

Damping Density 
r @g/m3) 

I 30 I 180 0.025 1 1670 
I 9 I 180 0.025 1 1910 

16 214 0.025 2020 
30 250 0.010 1890 
65 320 0.005 1730 
12 380 0.005 1730 
14 890 0.003 2140 
94 1700 0.003 2500 

Bedrock 3500 0.003 2500 

,byl 
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w 
Return Magnitude of the Review Level Earthquake M-bar 
Period CHERNOBYL ) KHMELNYSTSKYY) RIVNE ) SOUTH UKRAINE ) ZAPORIZHYA 

100 yr 5.80 6.00 6.00 6.20 5.90 
500 yr 6.00 6.20 6.20 6.50 6.10 
1000 yr 6.10 6.30 6.30 6.70 6.20 

10000 yr 6.40 6.60 6.60 7.00 6.50 
100000 yr 6.60 6.80 6.80 7.20 6.70 

Table 3.4.2.1 Summary of the Review Level earthquake PGA, D-bar 
and M-bar for the five sites in Ukraine and for five return periods 
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5D Fault A 

Area B 

Shaded Atva = P(PCAX , M,D) 

Median - 
attenuatian - 

I 
100 

Distance (km) 

Number 
of event.9 
greater 
than M 
per year 

loo 

10.' 

lo'? 

1o.l 
: 

Ground Motion Level G (ex. cm/se&x) 

Figure 2.3.1: Basic Steps of the Methodology of assessing Vibratory 
Ground Motion Probabilistic Hazard. 
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Figure 3.3.1.1: Schematic Tectonic Map of the Ukraine Region 
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1 

. 

Figure 3.3.1.2: Seismic Source Zones and NGDUNEIS Commonwealth 
of Independent States Catalog Seismicity ,150 BC-1989. The Nuclear 
Power Plant Sites Are Shown in Red. 
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Figure 3.3.1.3: ISC Instrumental Earthquake Locations, 1964-March, 
1993. 
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Figure 3.3.1.4: Tectonic Map of the Carpathian System. 
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zone 1 Carpathian 
IO0 

10-l 

lo-* 

lo-3 

A 

l 
l 

# Data 

__ -f(3.5) 

I - f(6 .O) 

- Range of Mmax 

I .‘I I ! I ! ! I ! ! I ! I 

1 2 3 4 5 6 7 

M-Magnitude bins 

Figure 3.3.1.3.1: Observed cumulative annual number of earthquakes in 
Zone 1, the Carpathian seismic zone. Estimate of the range of rates of 
events greater than magnitude 3.5 and 6.0, f(3.5) and f(6.0) respectively. 
The horizontal bar shows the minimum and maximum of the 
distribution of M,,,. 

- 

45 



zone 2a Western EEC 

1O-3 

1 2 3 4 5 6 

M - Magnitude bins 

Figure 3.3.1.3.2: Observed cumulative annual number of earthquakes in 
Zone 2a, Western East European Craton. Estimate of the range of rates 
of events greater than magnitude 3.5 and 4.5, f(3.5) and f(4.5) 
respectively. The horizontal bar shows the minimum and maximum of 
the distribution of M,,,. 
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zone 2b East Carpathian Extension 

1o-4 
, --K 

0 I 2 3 4 5 

M 

Figure 3.3.1.3.3: Observed cumulative annual number of earthquakes in 
Zone 2b, the East Carpathian Extension seismic zone. Estimate of the 
range of rates of events greater than magnitude 3.5 and 4.5, f(3.5) and 
f(4.5) respectively. The horizontal bar shows the minimum and 
maximum of the distribution of M,,,. 
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zone 3 Zakarpatye 
IO0 

10-l 

lo-* 

1o-3 

1o-4 

+ Data 
-UC/r) I?\ 
- l(3.3) 

0 I 2 3 4 5 6 7 

M-Magnitude bins 

Figure 3.3.1.3.4: Observed cumulative annual number of earthquakes in 
Zone 3, the Zakarpatye seismic zone. Estimate of the range of rates of 
events greater than magnitude 3.5 and 5.0, f(3.5) and f(5.0) respectively. 
The horizontal bar shows the minimum and maximum of the 
distribution of M,,,. 
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zone 13 Vrancea (Shallow Events) 

.s r 
E , % 
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I I I I I I I I I I I I I I I I Ill I 

4 
I I I I I I I I I 1 I I 1.1 I 

I I I I I I I I I I I I I I I I Ill I I I I 
I I I I I I I I I I I I I I I I ,r, I 
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I I I I I I I 

- Range of Mmax 

0 1 2 3 4 5 6 7 

M - Magnitude bins 

Figure 3.3.1.3.5: Observed cumulative annual number of earthquakes in 
Zone 13, the Vrancea (Shallow Events) seismic zone. Estimate of the 
range of rates of events greater than magnitude 3.5 and 5.0, f(3.5) and 
f(5.0) respectively. The horizontal bar shows the minimum and 
maximum of the distribution of M,,,. 

49 



Zone 4 Vrancea (Deep Events) 

- Androne #24 
b M=5, B.E. I3 

lo-* 
M=6.5, Lower 

-M=6.5, B.E. 

# + M=6.5, Upper- 

I I I I I I I I I I 
I I I I I I I I I I 

I 
I I I I I I I I I I 

I I I I 

6 7 8 3 

Magnitude (m) 

Figure 3.3.1.3.6: Estimates of the seismic@ rates from the literature for 
Zone 4, the Vrancea (Deep Events) seismic zone. F(5.0) and f(6.5) are 
the estimates of the ranges of annual rates used in this analysis. The 
horizontal bar shows the range of Mmax. 
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zone 5 Dobrogea 

lo-3 

lo-4 

* Cum N/yr 

I I - f(3.5) 

H 
- ft6.0) 

. I I’ 11 1 1 I 

I 
I I -Mmax I I I I I II 

>&I: “ 

2 3 4 5 6 7 

M - Magnitude bins 

Figure 3.3.1.3.7: Observed cumulative annual number of earthquakes in 
Zone 5, the Dobrogea seismic zone. Estimate of the range of rates of 
events greater than magnitude 3.5 and 6.0, f(3.5) and f(6.0) respectively. 
The horizontal bar shows the minimum and maximum of the 
distribution of MmBx. 
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zone 6 West Crimea 

lO-4 I ’ ’ ’ ’ ! ’ ! ’ ’ ! ! ! ! ! ! 1 ! ’ ! ’ ! I”! 1 .!--I-! 1 1 1 1 

-1 0 1 2 3 4 5 6 7 

M - Magnitude bins 

Figure 3.3.1.3.8: Observed cumulative annual number of earthquakes in 
Zone 6, the West Crimea seismic zone. Estimate of the range of rates of 
events greater than magnitude 3.5 and 5.5, f(3.5) and f(5.5) respectively. 
The horizontal bar shows the minimum and maximum of the 
distribution of M,,,. 
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zone 7 Crimea Kerch Caucasus 

0 1 2 3 4 5 6 7 

M - Magnitude bins 

Figure 3.3.1.3.9: Observed cumulative annual number of earthquakes in 
Zone 7, the Crimea Kerch Caucasus seismic zone. Estimate of the range 
of rates of events greater than magnitude 3.5 and 5.5, f(3.5) and f(5.5) 
respectively. The horizontal bar shows the minimum and maximum of 
the distribution of Mmax. 

- 
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zqne 8 Deformed Black Sea Plate 

10-l r . . . , 
? 

. . 

I i i i i i i i i i i i i i i i t I I I I I I I 

-1 0 1 2 3 4 5 6 7 

M - Magnitude bins 

Figure 3.3.1.3.10: Observed cumulative annual number of earthquakes 
in Zone 8, the Deformed Black Sea Plate seismic zone. Estimate of the 
range of rates of events greater than magnitude 3.5 and 5.5, f(3.5) and 
f(5.5) respectively. The horizontal bar shows the minimum and 
maximum of the distribution of M,,,. 
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zone 9 Yalta 

llccl Range of Mmax llccl Range of Mmax 

1 2 3 4 5 6 7 8 

M - Magnitude Bins 

Figure 3.3.1.3.11: Observed cumulative annual number of earthquakes 
in Zone 9, the Yalta seismic zone. Estimate of the range of rates of 
events greater than magnitude 3.5 and 6.5, f(3.5) and f(6.5) respectively. 
The horizontal bar shows the minimum and maximum of the 
distribution of M,,,. 
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zone IO PDD Rift 

I i i i i i i i i i i i i i i i i 

-2 0 2 4 

M - Magnitude bins 

6 8 

Figure 3.3.1.3.12: Observed cumulative annual number of earthquakes 
in Zone 14, the Pripyat Dniepro Donnets Rift, rare events, seismic zone. 
Estimate of the range of rates of events greater than magnitude 3.5 and 
7.5, f(3.5) and f(7.5) respectively. The horizontal bar shows the 
minimum and maximum of the distribution of Mmax. 
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zone 11 East European Craion 

0 1 

- Range of Mmax I-ilil m 

C:: K 

2 3 4 5 6 

M - Magnitude bins 

Figure 3.3.1.3.13: Observed cumulative annual number of earthquakes 
in Zonell, the East European Craton seismic zone. Estimate of the 
range of rates of events greater than magnitude 3.5 and 6.5, f(4.5) and 
f(4.5) respectively. The horizontal bar shows the minimum and 
maximum of the distribution of MmBx. 
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zone 12 Background Black Sea 

1O-4 

- Range of Mmax 

1 2 3 4 5 6 7 

M - Magnitude bins 

Figure 3.3.1.3.14: Observed cumulative annual number of earthquakes 
in Zone 12, the Background Black Sea seismic zone. Estimate of the 
range of rates of events greater than magnitude 3.5 and 4.5, f(3.5) and 
f(4.5) respectively. The horizontal bar shows the minimum and 
maximum of the distribution of M,,,. 
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Ground Motion Models Comparison 
Stable Region, Rock, M = 4 
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Figure 3.3.2.1: Plot of the Ground Motion Attenuation Models selected 
for the Stable Region, for Rock Conditions and M4. 
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Figure 3.3.2.2: Plot of the Ground Motion Attenuation Models selected 
for the Stable Region, for Rock Conditions and M5. 
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Ground Motion Models Comparison 
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Figure 3.3.2.3: Plot of the Ground Motion Attenuation Models selected 
for the Stable Region, for Rock Conditions and M6. 

61 



-- 
-- 

-L
- I 

- - I-
 7 - I
- l-r

 I 



IO2 

IO' 

lo-* 

IO" 

Ground Motion Models Comparison 
Vrancea Deep Events (h>lOOkm), Rock, M = 4 
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Figure 3.3.2.5: Plot of the Ground Motion Attenuation Models selected 
for the Vrancea Deep Events, for Rock Conditions and M4. 
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Figure 3.3.2.6: Plot of the Ground Motion Attenuation Models selected 
for the Vrancea Deep Events, for Rock Conditions and M5. 
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Figure 3.3.2.7: Plot of the Ground Motion Attenuation Models selected 
for the Vrancea Deep Events, for Rock Conditions and M6. 
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Figure 3.3.2.8: Plot of the Ground Motion Attenuation Models selected 
for the Vrancea Deep Events, for Rock Conditions and M7. 
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Ground Motion Models Comparison 
Vrancea Shallow Events (h<lOOkm), Rock, M = 4 
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Figure 3.3.2.9: Plot of the Ground Motion Attenuation Models selected 
for the Vrancea Shallow Events, for Rock Conditions and M4. 
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Figure 3.3.2.10: Plot of the Ground Motion Attenuation Models selected 
for the Vrancea Shallow Events, for Rock Conditions and M5. 
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Figure 3.3.2.11: Plot of the Ground Motion Attenuation Models selected 
for the Vrancea Shallow Events, for Rock Conditions and M6. 
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Figure 3.3.2.12: Plot of the Ground Motion Attenuation Models selected 
for the Vrancea Shallow Events, for Rock Conditions and M7. 
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Site Latitude North Longitude East 
Chernobyl 51.20 30.05 

Khmelnytskyy 50.30 26.70 
Rivne 51.40 26.00 

South Ukraine 47.80 31.20 
Zaporizhzya 47.30 34.60 

Figure 3.4.1: General Geology of Ukraine showing the location of the 
five nuclear plant sites whose coordinates are given below: 
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Figure 3.4.2.1 PSHA Results for a rock site at CHERNOBYL, at 
foundation level, in terms of the 15fh, 50th, 85fhand arithmetic mean of 
the annual probability of exceedance of Peak Ground Acceleration. 
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Figure 3.4.2.2 PSHA Results for a rock site at KHMELNYSTSKYY, at 
foundation level, in terms of the 15fh, 50fh, 85fhand arithmetic mean of 
the annual probability of exceedance of Peak Ground Acceleration. 
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Figure 3.4.2.3 PSHA Results for a rock site at RIVNE, at foundation 
level, in terms of the 15th, 50th, 85thand arithmetic mean of the annual 
probability of exceedance of Peak Ground Acceleration. 
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Figure 3.4.2.4 PSHA Results for a rock site at SOUTH-UKRAINE, at 
foundation level, in terms of the 15th, 50th, 85thand arithmetic mean of 
the annual probability of exceedance of Peak Ground Acceleration. 
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Figure 3.4.2.5 PSHA Results for a rock site at ZAPORIZHZYA, at 
foundation level, in terms of the 15th, 50th, 85thand arithmetic mean of 
the annual probability of exceedance of Peak Ground Acceleration. 
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Sunmary of Bedrock PGA Review Level Earthquake in cmlsec/sec 
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Figure 3.4.2.7: Summary of the Review Level PGA (cm/s2) for five sites 
in Ukraine and for lOO-yr, 500-yr, lOOO-yr, lO,OOO-yr and lOO,OOO-yr 
Return Periods. 
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Figure 3.4.2.8: Summary of the Review Level Magnitude values (M-bar) 
for five sites in Ukraine and for lOO-yr, 500-yr, lOOO-yr, lO,OOO-yr and 
1 OO,OOO-yr Return Periods. 
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Surrmary of Review Level Earthquake D-bar Values 

ReturnPeriod 

Figure 3.4.2.9: Summary of the Review Level D-bar values for five sites 
in Ukraine and for lOO-yr, 500-yr, lOOO-yr, lO,OOO-yr and lOO,OOO-yr 
Return Periods. 
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Figure 3.4.3.1: Distance-Magnitude bins contributions to the mean lOO- 
yr return period total hazard at Chernobyl, for rock conditions. 
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Figure 3.4.3.2: Distance-Magnitude bins contributions to the mean 
lOOO-yr return period total hazard at Chernobyl, for rock conditions. 
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Figure 3.4.3.3: Distance-Magnitude bins contributions to the mean 
lO,OOO-yr return period total hazard at Chernobyl, for rock conditions. 
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Figure 3.4.3.4: Distance-Magnitude bins contributions to the mean lOO- 
yr return period total hazard at Khmelnytskyy, for rock conditions. 

84 



-! 

Bin 
calbiMion 

to T&al 
l-lamd 

5.ccEo3 

O.CE+CC 

Y, ;i Y, 

7.38 
Centerd 

Figure 3.4.3.5: Distance-Magnitude bins contributions to the mean 
lOOO-yr return period total hazard at Khmelnytskyy, for rock 
conditions. 
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Figure 3.4.3.7: Distance-Magnitude bins contributions to the mean lOO- 
yr return period total hazard at Rivne, for rock conditions. 
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5.COE-Q 

Figure 3.4.3.6: Distance-Magnitude bins contributions to the mean 
lO,OOO-yr return period total hazard at Khmelnytskyy, for rock 
conditions. 
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Figure 3.4.3.7: Distance-Magnitude bins contributions to the mean lOO- 
yr return period total hazard at Rivne, for rock conditions. 
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Figure 3.4.3.8: Distance-Magnitude bins contributions to the mean 
lOOO-yr return period total hazard at Rivne, for rock conditions. 
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Figure 3.4.3.9: Distance-Magnitude bins contributions to the mean 
lO,OOO-yr return period total hazard at Rivne, for rock conditions. 
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Figure 3.4.3.10: Distance-Magnitude bins contributions to the mean 
lOO-yr return period total hazard at South-Ukraine, for rock 
conditions. 
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Figure 3.4.3.11: Distance-Magnitude bins contributions to the mean 
lOOO-yr return period total hazard at South-Ukraine, for rock 
conditions. 
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Figure 3.4.3.12: Distance-Magnitude bins contributions to the mean 
lO,OOO-yr return period total hazard at South-Ukraine, for rock 
conditions. 
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Figure 3.4.3.13: Distance-Magnitude bins contributions to the mean 
lOO-yr return period total hazard at Zaporizhzya, for rock conditions. 
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Figure 3.4.3.14: Distance-Magnitude bins contributions to the mean 
lOOO-yr return period total hazard at Zaporizhzya, for rock conditions. 
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Figure 3.4.3.15: Distance-Magnitude bins contributions to the mean 
lO,OOO-yr return period total hazard at Zaporizhzya, for rock 
conditions. 
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Figure 3.4.3.16: Magnitude bins contributions to the total mean hazard 
at Chernobyl, for rock site conditions for lOO-yr, 500-yr, lOOO-yr, 
lO,OOO-yr and lOO,OOO-yr return periods. 
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Figure 3.4.3.17: Magnitude bins contributions to the total mean hazard 
at Khmelnytskyy, for rock site conditions for lOO-yr, 500-yr, lOOO-yr, 
lO,OOO-yr and lOO,OOO-yr return periods. 
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Figure 3.4.3.19: Magnitude bins contributions to the total mean hazard 
at South-Ukraine, for rock site conditions for lOO-yr, 500-yr, lOOO-yr, 
lO,OOO-yr and lOO,OOO-yr return periods. 
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Figure 3.4.3.21: Distance bins contributions to the total mean hazard at 
Chernobyl, for rock site conditions for lOO-yr, 500-yr, lOOO-yr, lO,OOO- 
yr and lOO,OOO-yr return periods. 
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Figure 3.4.3.22: Distance bins contributions to the total mean hazard at 
Khmelnytskyy, for rock site conditions for lOO-yr, 500-yr, lOOO-yr, 
lO,OOO-yr and lOO,OOO-yr return periods. 
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Figure 3.4.3.23: Distance bins contributions to the total mean hazard at 
Rivne, for rock site conditions for lOO-yr, 500-yr, lOOO-yr, lO,OOO-yr and 
lOO,OOO-yr return periods. 
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Figure 3.4.3.24: Distance bins contributions to the total mean hazard at 
South-Ukraine, for rock site conditions for lOO-yr, 500-yr, lOOO-yr, 
lO,OOO-yr and lOO,OOO-yr return periods. 
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Figure 3.4.3.25: Distance bins contributions to the total mean hazard at 
Zaporizhzya, for rock site conditions for lOO-yr, 500-yr, lOOO-yr, 
lO,OOO-yr and lOO,OOO-yr return periods. 
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Ukraine NPP sites Response Spectral Shapes 
Normalized to PGA = 1.0 g 
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Figure 4.1.1: Comparison of the 5% Damped Response Spectral Shapes for 
the Generic Craton Soil Conditions at the Ukraine NPP Sites. 
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Figure 4.2.1: 100 year Return Period ,5% Damped Design Response Spectra 
for the Five Ukraine NPP Sites. 
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Ukraine NPP sites Response Spectra 
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Figure 4.2.2: 1000 year Return Period ,5% Damped Design Response Spectra 
for the Five Ukraine NPP Sites. 
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